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SUMMARY
An account o f work in  th e  syn th esis  o f  pharm acalogically  
in te re s t in g , novel p ro stag land in  analogues con tain ing  
h e te ro cy c lic  sulphur i s  p resen ted . A guide to  the  p ro stag lan d in  
l i t e r a tu r e  i s  included.
The ro u te .to  thianone analogues involved C -a lk y la tio n  o f th ia n -* *—4
3,5-d ione, and attachm ent o f  an unsa tu ra ted  s id e -ch a in  by
1,4 ad d itio n  o f  a lith iu m  v iny lcup ra te  to  a conjugated enone 
derived from the  a lk y la tio n  product. The a lk y la tio n  was achieved 
a f te r  a s e r ie s  o f model experiments w ith  various a lk y la tin g  agents 
and rea c tio n  co n d itio n s, and the  app rop ria te  enone was made v ia  
hydride reduction  o f  an enol e th e r  o f th e  a lk y la ted  dione, and 
ac id -ca ta ly sed  rearrangem ent. This process was confused by s id e  
re a c tio n s , p a r t ic u la r ly  conjugate reduction  o f  the enol e th e r .
The enone underwent 1,4 add itions w ithout com plications.
I t  was a lso  proposed to  make an enone app rop ria te  fo r  the  sy n th esis  
o f th iolanone analogues o f p rostag land ins v ia  e le c tro p h i l ic  
ch lo rin a tio n  o f the a lk y la ted  0-diketone, then r in g -c o n tra c tio n  
by e lim ination  o f hydrogen ch lo ride  and carbon monoxide. Two 
p o te n tia l d i f f i c u l t i e s  due to  the  presence o f su lphur were 
a n tic ip a ted : a tta c k  by the  ch lo rin a tin g  agent a t  the  heteroatom ;
and hindrance to  th e  conjugate ad d itio n  stage  caused by tautomerism 
o f the  enone, whose dienol form would be a thiophene.
Model experiments to  f in d  su ita b le  re a c tio n  conditions w ith 
carbocyclic  compounds were su c ce ss fu l, bu t e le c tro p h ilic  
ch lo rin a tio n  hampered th e i r  immediate ap p lic a tio n  to  the 
h e te ro cy c lic  s e r ie s .
E a r l ie r  e f fo r ts  to  make th iolanone analogues o f p rostag land ins 
were based on a rou te  involving co n s tru c tio n  o f  a fu n c tio n a lise d  
th io lanone by Dieckmann c y c lis a tio n . Attachment o f  one s id e -  
chain by C -a lky la tion  was to  be followed by development o f a 
p o te n tia l  formyl s u b s ti tu e n t,  which would be e labo rated  to  form 
the  u nsa tu ra ted  s id e -ch a in  v ia  th e  phosphonate m odifica tion  o f  
the W itting re a c tio n , a le s s  v e r s a t i le  method than v in y lcu p ra te  
ad d itio n . However, a study o f th e  stages lead ing  to  the  
a lk y la ted  th io lanone showed them to  be too in e f f ic ie n t  fo r  
p ra c t ic a l  purposes, and th is  ro u te  was no t pursued fu r th e r .
DEDICATION
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INTRODUCTION
STRUCTURE AND NOMENCLATURE OF THE PROSTAGLANDINS
The term "p rostag land in" was coined by von E uler in  1935 to  describe  a 
then unknown a c tiv e  p r in c ip le  p resen t in  e x tra c ts  o f  l ip id -s o lu b le  acids
now known to  be a m ixture of sev e ra l f a t ty  acids having in  common a 
sk e le ton  o f twenty carbon atoms. The p rostag land ins are  named 
sy s tem atica lly  as d e riv a tiv e s  o f th is  h y p o th e tica l paren t s tru c tu re ,
ad jacen t s id e-ch a in s  w ith a tra n s  re la tio n sh ip ; s tru c tu re  1_-shows i t s  
abso lu te  co n fig u ra tio n  and numbering. They d i f f e r  in  th e  numbers and 
p o s itio n s  o f double bonds, hydroxyl and carbonyl s u b s titu e n ts  p re se n t. 
I t  i s  o ften  convenient to  describe  the s id e-ch ain s a t  p o s itio n s  8 and 
12 as "upper" and "lower" re sp ec tiv e ly .
from the human p ro s ta te  gland and seminal v e s ic le s .^  This fa c to r  is
p ro stan o ic  ac id , which co n s is ts  o f a cyclopentane r in g  bearing two
C-7 HO C -7
HO HO
2 3
E Ser ies F Ser ies
l
A S e r i e s B Ser ies
For purposes of sem i-system atic nomenclature the p ro stag lan d in s  have 
been d ivided in to  s e r ie s  d if fe r in g  in  th e  arrangement o f su b s titu e n ts  in  
the  five-membered r in g , denoted by th e  l e t t e r s  A ,B ,C ,E ,F ,etc . The 
p r in c ip a l n a tu ra lly  occuring p rostag land ins are members o f th e  E,F,A 
and B s e r ie s ;  th e i r  r in g  s u b s t i tu t io n  p a tte rn s  are i l l u s t r a t e d  in  
p a r t ia l  s tru c tu re s  _2 - _5. A ll s e r ie s  have a t r a n s -13 double bond and 
a 15-S hydroxy group, except the  G p ro stag lan d in s, in  which th e  l a t t e r  
i s  rep laced  by a hydroperoxy group. Hie s e r ie s  are  subdivided according 
to  the  number o f double bonds p resen t in  s p e c if ic  lo ca tio n s  in  th e  s id e  
chains: c la ss  1 p rostag land ins have only the  t r a n s - 13 double bond;
c la ss  2 have in  ad d itio n  a c i s - 5 double bond; c la ss  3 have t r a n s - 13, 
c i s - 5, and c i s -17 double bonds. As in  s te ro id  nomenclature s u b s titu e n ts  
ly ing  below th e  plane of th e  molecule as conventionally  drawn may be 
described  by a , those  above the  molecule by £. The E p ro stag lan d in s  
con tain  9-keto and lla-hydroxy groups; thus s tru c tu re  J5 i s  named 
p ro stag lan d in  E j, o r PGEp fo r  g re a te r  b re v ity , -the num erical su b sc r ip t 
in d ica tin g  th e  number o f double bonds in  th e  s id e -ch a in s .
6PGE
\ = ^ ^ \ C 0 oH
HO
7
PGF
2 a
Chemical reduction  o f the  9-keto group o f  the E p rostag land ins y ie ld s
2-5a m ixture o f the  corresponding F^ and F^ compounds; here  th e  su b sc rip t 
describes the o r ie n ta tio n  o f the newly-foimed 9-hydroxy group. Of 
th ese  only the F^ type occur n a tu ra l ly ,  fo r  example p ro stag lan d in  ^ 2^  00  • 
Dehydration o f the $ -k e to l system in  the E p rostag land ins under m ild ly  
b a s ic  o r a c id ic  conditions leads to  th e  A s e r i e s , o f  which a 10,11 
double bond i s  c h a ra c te r is t ic ,  fo r  example p ro stag lan d in  (8 ); the  
conjugated enone chromophore gives r i s e  to  strong  u l t r a - v io le t  abso rp tion  
a t  217 nm. Under more s tro n g ly  b a s ic  conditions the  E and A p ro stag lan d in s
3
are  converted to  the B type which con tain  a 8,12 double bond, such as 
p ro stag lan d in  (9 ); the conjugated dienone system absorbs a t  278 nm.
7
Nelson has re ce n tly  published an exhaustive study o f p ro stag lan d in  
nomenclature.
.— ^ C 0 oH CO.H
The f i r s t  is o la t io n  o f p rostag land ins was repo rted  in  1957 by Bergstrom 
8and S jo v a ll, who obtained pure samples of p ro stag lan d in  E-^  and F-^ a from
sheep seminal v e s ic le s . The e lu c id a tio n  o f th e  s tru c tu re s  o f  th e  E, F,
9A and B p rostag land ins has been summarised by Samuelsson, and by Bindra 
and B in d ra .^  Both physica l and chemical methods were used; key
3
inform ation was obtained  from o x id a tiv e  ozonolysis of- PGAp PGB  ^ and
13,14-dihydro-PGB^. The degradation products were, separated  by gas-
l iq u id  chromatography and id e n tif ie d  by th e i r  mass sp e c tra . X-ray
c ry s ta llo g ra p n ic  an a ly s is  o f  a s in g le  c ry s ta l  o f the  tris-p-brom obenzoate
o f p ro stag lan d in  F.^ methyl e s te r  provided the  r e la t iv e  co n fig u ra tio n
11a t  p o s itio n s  8, 9, 11, 12 and 15. The abso lu te  co n fig u ra tio n  a t
C-15 was determined by is o la t io n  o f L-2-hydroxyheptanoic ac id  from
12ozonolysis o f p ro stag lan d in  E^ d e r iv a tiv e s . The physica l p ro p e rtie s
13o f sev era l p rostag land ins have been summarised by Ramwell e t  a l ; in  a 
recen t review, Crabbe l i s t s  the  physica l methods used in  the p ro s ta ­
g landin  f ie ld  and h ig h lig h ts  th e i r  a p p lic a tio n  to  some in te re s t in g  
s tru c tu ra l  and stereochem ical problems.
OCCURENCE AND BIOLOGICAL IMPORTANCE OF THE PROSTAGLANDINS
E arly  research  leading to  the discovery o f th e  p ro stag lan d in s  was
s tim u la ted  by the  observation  th a t  fre sh  human seminal f lu id  could
cause co n trac tio n  o r re la x a tio n  o f  the  human u t e r u s . ^  P rostag land ins
16 17have s in ce  been de tec ted  in  almost a l l  mammalian t i s s u e s ,  ’ but 
g en era lly  in  much lower concen tra tion  than in  th e  human seminal v e s ic le s ,  
in  which th ir te e n  d if f e re n t  p rostag land ins w ith  a t o t a l  co n cen tra tio n  
o f about 300 yg/ml have been found. The sea whip co ra l P lexaura
homomalla i s  a r ic h  source of 15-e p i-p ro stag lan d in  (10) and i t s
20 21 ’ methyl e s te r  a c e ta te  (11). 9 P rostag land in  A-^  has re c e n tly  been
22found in  yellow onion.
9P rostag landins are  h igh ly  p o te n t, concen tra tions o f 1 in  10 being
23d e tec tab le  by b io lo g ic a l assay , and e x h ib it a wide range o f s t r ik in g
b io lo g ic a l e f fe c ts  in  mammals. A la rg e  volume o f l i t e r a tu r e  has been
published  in  th is  f ie ld ,  and has been freq u en tly  re v iew e d .'^ , ' ^ , ' ^ , ^
236 The systems being s tu d ied  include various types o f smooth m uscle,
l ip id  and carbohydrate metabolism, g a s tr ic  se c re tio n , and th e  rep roductive ,
card iovascu lar and c e n tra l nervous systems. D iffe ren t p rostag land ins
produce vary ing , even opposing responses in  a given t e s t  system; fo r
example, p rostag land ins E-^  and E2  cause re la x a tio n  o f is o la te d  human
bronch ia l muscle, E-^  being more a c tiv e , whereas p ro stag lan d in  F2 a
29stim ulates- the opposite  response. T heir ph y sio lo g ica l ro le  seems 
to  be to  ac t as ’’lo c a l hormones” , s p e c i f ic i ty  being achieved by 
syn th esis  a t  the s i t e  o f ac tio n  and rap id  m etabolic d e a c tiv a tio n .
including  induction  of labour, co n tracep tion , and trea tm en t o f asthma, 
hypertension , throm bosis, o b es ity , inflammation, glaucoma, g a s t r i t i s ,  
u lc e rs  and nasa l congestion. I n te re s t  in  p ro stag lan d in  analogues 
stems from the  d e s ir a b i l i ty  o f compounds having the  same o rder o f 
potency, bu t more sp e c if ic  b io lo g ic a l e f fe c ts  and g re a te r  r e s is ta n c e  
to  metabolism.
o
10 R R 2 = H
11 R1 = CH3, R 2 = CH3 CO
Several p o s s ib i l i te s  e x is t  fo r  c l in ic a l  uses of p ro stag lan d in s ,
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PURPOSE AND OBJECTIVES-OF THE PRESENT WORK
The ac tio n  o f a b io lo g ic a lly  a c tiv e  compound can o fte n  be accounted 
fo r  by the hypothesis th a t  the  key process involved is  in te ra c tio n  
a t  th e  m olecular le v e l w ith  a "recep to r"  substance. In many in s tan ce s , 
the  recep to r i s  probably a macromolecule such as an enzyme, and 
attachm ent of the  sm all a c tiv e  molecule takes p lace  a t  a p a r t ic u la r  
a c tiv e  s i t e .  Such attachm ent may a l t e r  th e  p ro p e rtie s  o f th e  macro­
m olecule, p a r t ic u la r ly  those of any o th e r a c tiv e  s i t e s  i t  posesses 
and the way in  which they in te ra c t  w ith  endogenous su b stan ces . This 
kind o f e f fe c t  i s  c a lle d  an a l lo s te r ic  e f fe c t .
I f  a compound d isp lay s  more than one b io lo g ic a l a c tio n , th i s  may 
be because i t  can in te ra c t  w ith  d if f e re n t  re c e p to rs , each one 
s p e c if ic  fo r  a p a r t ic u la r  e f fe c t .  Chemical m od ifica tion  o f the 
a c tiv e  substance, fo r  instance  removal o r s u b s t i tu t io n  o f a func­
t io n a l  group, may reduce i t s  a f f in i ty  fo r  c e r ta in  recep to rs  and 
thereby produce g re a te r  s p e c i f ic i ty  o f b io lo g ic a l ac tio n .
The a b i l i ty  of a compound to  induce a b io lo g ic a l e f fe c t  depends 
on two independent p ro p e rtie s : I t s  a f f in i ty  fo r  the re c e p to rs ,
and i t s  in t r in s ic  a c t i v i t y . The a f f in i ty  determ ines the  f ra c t io n  
o f recep to rs  occupied fo r  a given concen tra tion  o f th e  compound in  
th e i r  immediate v ic in i ty ,  and th e  in t r in s ic  a c t iv i ty  determ ines th e  
magnitude o f the  response r e s u lt in g  from the occupation of- a given 
number o f re c e p to rs . The m olecular s tru c tu re  o f a b io lo g ic a lly  
a c tiv e  compound can sometimes leg itim a te ly  be d isse c te d  in to  regions 
th a t  are  p rim arily  resp o n sib le  fo r  a f f in i ty  to  the r e c e p to r ( s ) , 
and regions on which the  in t r in s i c  a c t iv i ty  depends. M odification
6
of the l a t t e r  may remove the  b io lo g ic a l a c t iv i ty  w ithout e lim in a tin g  
th e  a f f in i ty  fo r  the  recep to r. The r e s u lt in g  compound would be 
a com petitive an tag o n ist o f the  unmodified compound (a g o n is t) , 
th a t  i s  i t  would block the  b io lo g ic a l ac tio n  of the agon ist by 
competing fo r  occupation o f th e  recep to r s i t e s .  ' I f  a m od ifica tion  
causes p a r t ia l  ra th e r  than complete lo ss  o f in t r in s ic  a c t iv i ty  the  
an tag o n ist i s  a lso  a p a r t ia l  ag o n ist. A ntagonists can be therapeu­
t i c a l l y  u se fu l fo r  a l le v ia t in g  symptoms caused,by too high a con­
c e n tra tio n  o f  an endogenous ag o n ist.
303-Adrenergic s tim u la to rs  and b lockers are mentioned in  o rd er to  
i l l u s t r a t e  the  above p o in ts . The neurohumoral tra n sm itte r  noradren­
a lin e  (12) i s  re lea sed  by the  endings o f sym pathetic neurones in  
response to  nerve 'im pulses. I t  i s  capable of in te ra c tin g  w ith  two 
types o f re c e p to rs , c a lle d  a- ahd 3 -adrenerg ic  re c e p to rs , whose 
ex istence  has been dem onstrated by means o f sp e c if ic  ag o n ists  and 
an tag o n is ts . Hie usual response of a t is s u e  in  which a -rec e p to rs  
predominate i s  e x c ita tio n ; i f  3 -recep to rs  predominate i t  i s  r e ­
lax a tio n . Important exceptions are th e  g u t, which i s  always r e ­
laxed although n e i th e r  recep to r type has o v e ra ll predominance, and 
the  h e a r t ,  which has predom inantly 3 -recep to rs  but i s  ex c ited  by 
no rad renaline . S u b s titu tio n  o f one o f th e  amino hydrogen atoms 
o f norad renaline  fo r  a methyl o r isopropyl group, g iving adren­
a lin e  (13) and iso p ren a lin e  (14) re sp e c tiv e ly , increases th e  
potency towards 3 -recep to rs  w h ils t dim inishing th e  e f fe c t  on 
a -re c e p to rs ; iso p ren a lin e  i s  v i r tu a l ly  a pure 3 -recep to r s tim ­
u la n t ,  i l l u s t r a t in g  the p o in t th a t  m olecular m od ifica tion  can 
in c rease  b io lo g ic a l s p e c if ic i ty .
7
CHOH CHOH
CH2 c h 2
H 7  NCH(CH3) 2H R
12 R . = H
13 R = CH3
14 R :  C h (cH 3) 2
15
S p ec ific  an tagon ists  of the 3 -ad ren erg ic  response, ”3 -b lo c k e rs" , can 
be valuable fo r  treatm ent of ca rd iac  co n d itio n s, fo r  in stan ce  where i t  
is  desired  to  reduce the ra te  o f h e a rtb ea t. The f i r s t  compound found 
to  posess th is  p roperty  was d ich lo ro iso p ren a lin e  (1 5 ). I t  competes 
w ith iso p ren a lin e  fo r  3 -rec ep to r  s i t e s  and ex h ib its  th e  same s p e c if ic  
a f f in i ty  fo r  them, b u t i t  does no t s tim u la te  a response, so i t  i s  a 
com petitive an tag o n ist. Since d ich lo ro iso p ren a lin e  was in troduced , 
many o ther 3 -b lockers have been d iscovered, sev e ra l o f them fin d in g  
th e rap eu tic  a p p lic a tio n s . The s t r u c tu r a l  requirem ents fo r  maximum 
potency are very s im ila r  to  those th a t  maximise agon ist a c t iv i ty :  
in  ad d itio n  to  the e f fe c t  o f the N -alkyl su b s titu e n t a lready  mentioned 
i t  is  noteworthy th a t  m ethylation a t  the carbon atom b earing  th e  amino 
group decreases a c t iv i ty  and th a t  compounds having the  R abso lu te  
co n figu ra tion  a t  the  asymmetric cen tre  (CHOH) are  considerab ly  more 
ac tiv e  than th e i r  enantiom ers. The e s s e n tia l  s tr u c tu r a l  d iffe ren ce s  
between 3 -stim u lan ts  and 3 -b lockers are in  the  catecho l nucleus; 
as a r u le ,  the phenolic hydroxy groups o f the  3 -s tim u lan ts  are  removed
31o r rep laced  by o ther small s u b s ti tu e n ts ,  to  give 3-b lockers.
Other areas o f re sea rch  .where examples o f an tag o n ist a c t iv i ty  re s u lt in g
from s l ig h t  m olecular m odifications are  found include th e  v itam ins,
. < 32
m etabo lites and pep tide  hormones. For example, 6-am inonicotin ic
ac id  (16) i s  a com petitive an tagon ist o f the  B-vitamin n ic o tin ic  ac id
(17) . 2-lh iophenealanine (18) is  an an tim etab o lite 'co rresp o n d in g  to
CO H
16 R = NH2
17 R = H
l .:> c h 2
CH 
/  \
NH2 CO H
18
CH
/  \
n h 2 CO , h
2
19
phenylalanine (19 ). A ntagonists o f the  octapep tide  hormones oxytocin
(20) and ly s in e  vasopressin  (21) have been made by removal o f  the
phenolic hydroxyl group on the  ty ro s in e  l in k  (22), or by rep lac in g  th e
33hydroxyl w ith  a methoxy o r ethoxy group.
 _________   OH
- koC y s -T y r  - l le -G ln-A sn-Cys-Pro-Leu-G ly-N H 220
Cys-Tyr-Phe-Gin-Asn-Cys-Pro-Lys-Gly- NH;
21
c h 2
CH 
/  \  
^ c o  n h 2
22
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The c e n tra l purpose of the  work repo rted  in  th is  th e s is  was to  seek 
a syn th esis  o f  p ro stag lan d in  analogues containing a su lphur heteroatom  
a t p o s itio n  11. The i n i t i a l  ta rg e t  compound was 1 1 -d eo x y -ll- th ia -  
p rostag land in  (23).
C 0 2 H
23
At the time when th is  work was s ta r te d ,  no e f fe c ts  o f m odifica tions 
to  the r in g  of the  p ro stag lan d in  sk e le ton  were known, and no h e te ro ­
c y c lic  analogues had been rep o rted . F r ie d ’s group had s tu d ied  a s e r ie s
o f racemic 7-oxaprostaglandins; ^  they found th a t  (± )-7-oxaprostag landin
35 36and (±)-7-oxaprostag landin  E^ were agon ists  of the n a tu ra l
compounds. S im p lifica tio n  o f the lower s id e -ch a in , fo r  in stan ce
removal. o f the 15-hydroxy group o r s a tu ra tio n  o f th e  13,14 double
bond, led  to  reduced p ro stag lan d in  agon ist a c t iv i ty .  On the  o th e r
hand, agonist a c t iv i ty  was re ta in ed  on removal o f the  r in g  oxygen
functions a t  p o s itio n s  9 and 11, provided th e  15-hydroxy group was
p re se n t, as in  compound 24.
/ O s / \ / \ / C 0 2H
24 25
The 7-oxaprostaglandins w ithout r in g  oxygenation were found to  be. 
an tagon ists  of p rostag land in  E-j; a t  the low dose le v e ls  th e i r  a c tio n
10
was com petitive. The requirem ents fo r  high an tagon ist potency in  
regard  to  the  s tru c tu re  of the  lower s ide-chairi were d if f e re n t  from 
those fo r  high agon ist a c t iv i ty ;  antagonism was favoured by the absence 
o f the 15-hydroxy group, by s a tu ra tio n  o r iso m erisa tio n  o f the  13,14 
double bond, and most o f a l l  by replacem ent of the  13,14 double bond 
w ith an ace ty len ic  linkage. Hie most p o ten t an tagon ist found was 
7-oxa-13-prostynoic ac id  (25), which had no agonist a c t iv i ty .  Agonist 
and an tag o n ist a c t iv i ty  were both re ta in e d  in  homologues such -as _2i6 
contain ing  a six-membered r in g , which responded s im ila r ly  to  the f iv e -  
membered rin g  compounds on m odifica tion  o f the lower s id e -ch a in .
0 \ / n/ n / C 0 9H
OH
26
The in tro d u c tio n  of su lphur in  ta rg e t  compound _23 is  ju s t i f i e d  on the  
b as is  th a t  th ia  and methylene lin k s  are  roughly i s o s te r ic ,  th e i r  
valence e le c tro n  s tru c tu re s  being very s im ila r . Compound _23 may 
th e re fo re  be regarded as an ll^-deoxyprostaglandin analogue. Although 
a t  the time i t  was known th a t  ox idation  o f  th e  15-hydroxy group o f 
n a tu ra l p rostag land ins to  a keto group r e s u l ts  in  lo ss  of a c t iv i ty ,  
F r ie d ’s re s u l ts  suggested th a t  removal o f the 11-hydroxy group need 
no t have the same e f fe c t .  Compound _23 could th e re fo re  be an ag o n ist 
of the  E p ro stag lan d in s, but w ith g re a te r  s p e c i f ic i ty  o f b io lo g ic a l 
ac tio n . Another near is o s te re  o f  a sulphur atom is  the  e th y l en ic  
system -CH=CH- (v iz  thiophene and benzene). The ta rg e t  compound 23 
can th e re fo re  be considered an analogue o f 10-homoprostaglandin A  ^
(27), so i t s  b io lo g ic a l p ro p e rtie s  might resemble those o f th e  A 
p ro stag lan d in s.
11
OH
27
Another p o s s ib i l i ty  fo r  compound 2^ 3 i s  th a t  i t  might be a p ro stag lan d in  
an tag o n ist. In  view o f the f a c t  th a t  agonists and th e i r  com petitive 
an tag o n ists  sometimes have very c lo se ly  re la te d  s tru c tu re s ,  i t  seemed 
th a t  the sulphoxide derived  from 23 might be a b e t te r  candidate  fo r  the 
ro le  of an tag o n is t, s ince  in tro d u c tio n  o f an oxygen fu n c tio n  a t  p o s it io n  
11 would make i t  more c lo se ly  resemble p rostag land in  E-^ .
28 x - - s , II o X R =■ H
29 x = s, R1: H, R2 = OH
30 X = s o , .
XoII II
CM
H
Since the work described  in  th is  th e s is  was completed, re p o rts  o f  th e
syntheses o f racemic 9-deoxo-9-th iaprostag land in  (28), i t s  11,15
37 38epimer (29) and the o p tic a lly  a c tiv e  forms o f i t s  sulphone (30)
have appeared.
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SYNTHETIC STRATEGY
The ex tensive l i t e r a tu r e  on the syn thesis  o f p rostag land ins has been 
covered by sev era l review a r t i c l e s . ^ , ^ , ^ , ^ , ^ , ‘^(“),^ , ^‘^
Two p o te n tia l  approaches to  the p rep ara tio n  o f 1 1 -th ia  p ro stag lan d in  
analogues such as 23 are  described  here , each designed to  u t i l i s e  a 
p a r t ic u la r  known method o f co n stru c tin g  the  lower s id e -ch a in . The 
f i r s t  involves a m odified W ittig  re ac tio n  o f sodiodim ethyl-2-
oxoheptylphosphonate (31) w ith an aldehyde, as used by Corey and
i 42-45 co-w orkers.
OH
(c h 3o)2p
Na+
23 31
The second fe a tu re s  conjugate ad d itio n  o f a lith iu m  alkenylcopper(I) 
reagen t to  an a , 3-u n sa tu ra ted  ketone. The f i r s t  rep o rts  o f ap p lica tio n s  
of th is  method in  p ro stag land in  syn th esis  were from S ih ’s g roup ,46 >47 
fo llo w ed 'c lo se ly  by independent rep o rts  from Alvarez ^  and K luge^  
and th e i r  co lleagues.
FIRST APPROACH
The f i r s t  approach is  o u tlin ed  in  p r in c ip le  in  Scheme 1. The f iv e -  
membered rin g  is  construc ted  by Michael ad d itio n  o f e th y l th io g ly c o lla te  
to  a ,3 -u n sa tiira ted  e s te r  32_ (av a ilab le  in  two steps from e th y l c ro to n a te ) , 
followed by Dieckmann c y c lisa tio n  o f the  re su lt in g  d ie s te r  S3 to  3~keto 
e s te r  34. The upper s id e -ch a in  is  added by ^ -a lk y la tio n  o f a m etal 
eno la te  o f the 3-keto e s te r  system w ith  e th y l 7-iodoheptanoate, g iv ing
13
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Scheme 1
E t0 2Ck • CO.Et
SH
CH2OAc
32
CG2Et
E t02C^ J ^ C° 2Et
S CH.OAc
33
O . C ° 2 Et
C 0 2Et
S CH2OAc
34
S CH2OAc
35
C02h r? CQ2Me
S c h 2o h
36
S CH OH
2
37
C02Me
S CHO
CO Me
>
O
38 39
2M e  % c o 2r
OH
40 11
23
OH 
R = Me 
R = H
Me = CH3i Et = C2H5, Ac = CH3CO
A ll c h ira l  compounds are  racemic.
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k e to -d ie s te r  3_5. Thallium (I) is  p a r t ic u la r ly  a t t r a c t iv e  since  chela ted  
th a llo u s  s a l t s  of 3-dicarbonyl compounds have been rep o rted  to  be
carbethoxy group o f d ie s te r  _35 i s  removed by hydro lysis  and de­
carboxy la tion , under conditions th a t  a lso  cleave th e  acetoxy group; 
hyd ro lysis  o f the  end-of-chain  e s te r  group is  a n tic ip a te d , leading to  
k e to -ac id  _36. A lkaline hyd ro lysis  conditions would be u n su ita b le , 
s ince  3~keto e s te rs  are  prone to  cleavage v ia  a tta c k  by hydroxide ion 
on the  ketone fu n c tio n . a ,a -D isu b s titu te d  3-keto e s te rs  are  p a r t ic u la r ly  
vu lnerab le  because they are  incapable o f forming a re so n an ce -s ta b ilise d  
en o la te , which could no t i t s e l f  be a ttacked  in  th is  way. In the  case 
o f 4 -carbalkoxy th io lan-3 -ones, cleavage is  l ik e ly  to  be follow ed by 
a .reverse Michael re a c tio n ; fo r  in s tan ce , th e  5-phenyl compound AZ_
gave cinnamic acid  43 on treatm ent w ith  f iv e  p er cen t aqueous sodium
52hydroxide a t room tem perature:
exc lu siv e ly  m ono-£-alkylated by a lk y l io d id e s .^  The now unwanted
HO OC2H5
HO
S C6H5 S C6H5
42
c leav a g e reverse Michael reaction
15
oc o 2h
SH C6H5
+ OC2H5 OH"
C6H5'
/c o 2h
43
I t  is  assumed th a t  the  carboxyheptyl and hydroxymethyl s id e -ch a in s  o f 36
p re fe re n t ia l ly  adopt the  thermodynamically more s ta b le  tra n s  arrangement 
(iso m erisa tio n  o f p ro stag lan d in  E^ a t  p o s itio n  8 has been dem onstrated 
in  a m ild ly  b as ic  medium, potassium  a c e ta te  in  e thano l, a t  room temp-
P r io r  to  e lab o ra tio n  o f  th e  lower s id e -c h a in , the  carboxy lic  ac id
function  is  r e - e s te r i f i e d ,  and a d e r iv a tiv e  o f the carbonyl group
formed to  p ro te c t i t  from n u c leo p liilic  a tta c k  by phosphonate and
hydride reducing agen ts; fo r  example, th io k e ta l is a t io n  w ith  1 ,2 -
d ith io e th an e  to  give 1 ,3 -d ith io la n e  37. The 1 ,3 -d ith io la n e  system
is  a t t r a c t iv e  because i t  i s . in s e n s i t iv e  to  d i lu te  acids and i s  re a d ily
removed under n e a r-n e u tra l co n d itio n s, fo r  in stance  w ith  methyl iod ide  5  ^
55or "Chloramine T" (sodium N -chloro-£-toluenesulphonam ide). 1 ,3 -
diOxolanes have been used in  s im ila r  s i tu a tio n s  in  the p ro stag lan d in  
f i e l d . 56,57
The scheme proceeds by ox idation  o f prim ary alcohol 37_ to  aldehyde 38;
58 59s u ita b le  reagents include chromium tr io x id e  d ip y rid in e  complex, 9
dimethyl sulphoxide in  conjunction w ith  a dehydrating a g e n t,66* o r
the  rec en tly  described  N -chlorosuccinim ide -  methyl su lphide r e a g e n t .5'*'
Enone 39 i s  prepared from aldehyde 38 using the  m odified Wit t i g  re a c tio n
w ith  phosphonate 31, a method th a t  has been shown to  g ive tra n s  o le f in s
62w ith a high degree o f s e le c t iv i ty .
53e ra tu re ; a t  equ ilib rium  th e  t r a n s : c is  r a t io  i s  9 :1 ).
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COXHL
Reduction of the keto  group and cleavage o f the  d ith io la n e  p ro te c tin g  
group of enone 39_ leads to  m ixture of e s te rs  40- and 41, epim eric a t  
p o s itio n  15. A fte r chromatographic se p a ra tio n , the 15-S-hydroxy isomer 
41 i s  sap o n ified  to  give the  d es ired  acid  23 as a racemic m ixture.
A sy n th esis  o f racemic 11-deoxy-ll-oxaprostag landin  (44) and i t s
/ 7
15-epimer by a s im ila r  ro u te  has very re ce n tly  been rep o rted . In  th is  
syn th esis  th e  r in g  ketone was p ro tec ted  by reduction  to  the  secondary 
alcohol and a c e ty la tio n , so th a t  the i n i t i a l  product was the  m ixture 
o f F p rostag land ins 45. The 15-hydroxy group was then p ro te c ted  from the  
conditions used to  regenera te  the r in g  ketone as i t s  a-ethoxyethy l e th e r .
CHoCOo 
CO,H 3 s 2
OH
44 45
During the  p rep ara tio n  of th is  th e s is ,  the  a p p lic a tio n  o f the same
sequence to  the syn th esis  o f racemic 1 1 -d eo x y -ll-th iap ro s tag lan d in  E^
63amixed w ith  i t s  15-epimer was described .
SECOND APPROACH
The second approach is  i l l u s t r a t e d  in  Scheme 2. Thian-3 ,5-d ione (46,
av a ila b le  in  two step s  from methyl th io g ly c o lla te  and chloroacetone 6^)
i s  a lk y la ted  w ith e th y l 7-iodoheptanoate to  give the symm etrical d iketone
47. In p r in c ip le ,  th is  in term ed iate  may be converted to  enone 48 by a method
fo r  cyclopentenone syn thesis  developed by Btichi and E gger,65 which has
been applied  to  the syn thesis  o f 11-deoxy E p rostag land ins by B agli and 
57Bogri. In  th is  procedure an a lk y la ted  cyclohexan-l,3 -d ione 54_ i s  
ch lo rin a ted  a t  p o s itio n  2 by t e r t - b u ty l h y p o ch lo rite , and th e  r e s u l t in g
17
ociitMiit:
46
I
47
X
CO„Et
50
I I
48
1
C0„Et
51
1
c o 2R
OH
i i  R : Et
23 R = H
»
52
53
R
R
OH
= Et 
= H
Et = C,H2115
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chlorodiketone SS_ converted to  cyclopentenone 5(3 by treatm ent w ith  sodium 
carbonate in  re flu x in g  xylene. The conversion o f S5 to  _5(5 was suggested 
to  occur v ia  dehydroch lorination  to  cyclopropanone 57_, followed by lo ss  
o f carbon m onoxide.^  S im ilar cyclopropanone in term ediates have been
f\f\p o s tu la ted  fo r  the  F avorsk ii rearrangem ent o f a -ha loketones.
R
54 55
56
R
57
R = C2H5 65 or (CH2)3C 0 2CH357
R
Enone 48^  i s  converted to  e s te r  49 v ia  conjugate ad d itio n  o f a lith iu m
alkenylcopper(I) reag en t, and then  to  p ro stag lan d in  analogue 23_ by
sap o n if ic a tio n  o f the e s te r  group. A s u ita b le  organocuprate may be
47generated  from 3 (S )- (a -e th o x y )e th o x y -l- lith io - l- tra n s -o c te n e  (58), 
prepared from the corresponding iodoalkene 59 by trea tm en t w ith  lith iu m  
m etal o r an organolithium  base. The a-ethoxyethoxy group rep resen ts  
a p o te n tia l  15-hydroxy group, p ro tec ted  from a tta c k  by s tro n g  base.
X = Li
19
P ro tonation  o f the eno la te  a r is in g  i n i t i a l l y  form the conjugate- add ition
re a c tio n  is  expected to  lead  to  the thermodynamically favoured tra n s
arrangement o f the s id e -c h a in s , a p re d ic tio n  supported by a rep o rt
th a t  no c is  products were d e tec ted  when reagent _5^  was used to  prepare 
47p ro stag lan d in  E^. High re te n tio n  o f double bond geometry is  g en era lly  
observed in  conjugate ad d itio n  reac tio n s  o f alkenylcopper reag en ts.
The products expected from the re ac tio n  of enone j48 w ith  the  cuprate 
derived from a lk en y llith iu m  5J3 would th e re fo re  be 1,4 adduct 60 and 
i t s  d iastereo isom er 61. Cleavage o f the  a-ethoxyethyl p ro te c tin g  group, 
followed by sap o n ifica tio n  o f th e  e s te r  fu n c tio n , le a d s .to  the  ta rg e t  
compound 23 and d iastereo isom er 62_ re sp e c tiv e ly , in  o p tic a l ly  a c tiv e  form.
CO„R CO.R
so R1 = C2H5,
R2 = OCH(CH3) o C2H,
6i R1 = C2H5, 
R 2 = 0CH(CH3) 0 C 2H,
m R1, R 2 = H 62 R1, R 2 = H
A well-known method o f preparing  a , 3-u n sa tu ra ted  ketones involves
reduction  o f an enol e th e r  o f a 3-diketone followed by a c id -c a ta ly se d
69hydro lysis  and rearrangement o f the re su lt in g  hydroxy enol e th e r .
This procedure has been used by S ih 's  group to  prepare cyclopent-2-enones
70 71fo r  syntheses o f p rostag land ins E^ and E£. A pplication  to
3-diketone 47 (Scheme 2 ), fo r  in stan ce  v ia  isopropyl enol e th e r  50, 
leads to  enone 5jL, and hence v ia  conjugate ad d itio n  re a c tio n s  to  p ro s ta ­
glandin-analogues such as 5_2 and _53 contain ing  sulphur in  a six-membered ring .
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COMPARISON OF THE TIVO APPROACHES
Of the  two approaches to  p ro stag lan d in  analogues o u tlin ed  ab o v e ,.th e  second 
has sev era l advantages over the f i r s t .
l . I t  has fewer s tag e s ; assuming th a t  the  reagents fo r  forming the  
lower s id e -ch a in  are a v a ila b le , the  co n stru c tio n  of analogue 23 
involves e ig h t s te p s , as opposed to  eleven in  the f i r s t  approach.
2; Five- or six-membered rin g s  are  derived  from a common in term ediate .
3. A wide range of. organocopper reagents can be prepared , allowing
m odifications to  the  lower s id e -ch a in  to  be re a d ily  made. For example,
p ro stag lan d in  analogues having a 13-c is  double bond can be obtained
72simply by s ta r t in g  w ith  a c i s - alkenyl iod ide . This would no t be .
p o ssib le  in  the f i r s t  approach as o u tlin ed  above, s in ce  th e  phosphonate
m odifica tion  o f the W ittig  re a c tio n  may be depended on to  give tra n s  
62o le f in s  ; i t  would be necessary  to  r e s o r t  to  the  use o f an a lky lidene
triphenylphosphorane as W ittig  re ag en t.' The stereochem ical outcome 
73 74 75’ ’ would be le s s  c e r ta in  than w ith  th e  organopcopper method,
and would depend on the  choice o f re a c tio n  co nd itions; the  form ation
o f a c is  o le f in  is  more probable in  the absence o f an alpha s ta b i l i s in g
group (the p re fe re n t ia l  form ation o f c is  o le f in s  has been observed in
43 76 77W ittig  reac tio n s  conducted in  dim ethylsulphoxide 9 ’ ) .
4. In the  second approach, the  stereochem istry  a t  the  asymmetric cen tre  
0 1 5  may be c o n tro lled  by using  an organocopper reagent derived  from
a reso lved  alkenyl h a lid e . The W ittig -type  reagent 31 used in  th e  f i r s t
approach cannot be adapted to  achieve th is  s ince  resonance s ta b i l i s a t io n
o f the  phosphonate anion by the  carbonyl group i s  e s s e n t ia l .  This
d i f f ic u l ty  could by overcome by using  an alky lidene triphenylphosphorane,
bu t the geometry o f th e  newly-formed double bond would be le s s  c e r ta in
(a reagent o f th is  type , the  reso lved  B-oxido y l id  63^ , has been
77employed in  syntheses o f p rostag lahd ins F^ and E^ ) .
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(c  6 H5) 3 P —
h o '  h
63
P o te n tia l d i f f i c u l t i e s  can be a n tic ip a te d  in  both rou tes  lead ing  to  
five-membered rin g  compounds. In Scheme 1, i t  is  assumed th a t  Dieckmann 
c y c lisa tio n  of e s te r  35_ proceeds in  the d es ired  d ire c tio n  to  give 34 
ra th e r  than i t s  isomer 6£, in  which th e  wrong p o s itio n  is  a c tiv a te d  
fo r  ad d itio n  o f the upper s id e -ch a in  by a lk y la tio n .
c 2h 5o 2c
HO
CH.OCOCH
C 0 2C2H5
64 65
In  Scheme 2, the c h lo rin a tio n  o f dilcetone _47 might be com plicated by the
presence o f th e  sulphur atom; the  ox id a tio n  o f th ian es  to  th e i r
sulphoxides has been accomplished using  t e r t - b u ty l hypoch lo rite  a t
_7 8 ° #78,79,80 conjugate ad d itio n  stage  might be hampered by
e n o lisa tio n  of th io lenone 48_ to  i t s  thiophene form 6_5; s tu d ie s  o f  the
tautomerism of various 3-oxothiolanes have dem onstrated a s u b s ta n tia l
degree o f e n o lisa tio n , varying w ith  the n a tu re  and arrangement of 
8i_85su b s titu e n ts . They are  a lso  prone to  d e te r io ra t io n , e sp e c ia lly
v ia  atmospheric, ox ida tion . 81
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ACHIEVEMENTS
The r e s u l ts  o f experiments, conducted in  the context o f  the  f i r s t  sy n th e tic  
approach o u tlin ed  above (Scheme 1) were no t very prom ising. Compounds 
32, 35, 34 and 35 were prepared, but the  y ie ld s  o f th e  l a s t  th re e  were 
not g o o d .‘
Most of the work on the  second approach (Scheme 2) was d ire c te d  towards 
the t i t l e  compounds o f  th is  th e s is ,  thianone analogues o f p ro stag lan d in s , 
in  o rder to  avoid the  com plications a n tic ip a te d  in  th e  sy n th es is  o f enone 
48, the proposed p recu rso r o f five-membered rin g  analogues. This 
rou te  was shown to  be workable, the  Sixrmembered enone 5_1 being 
prepared in  9.5% o v e ra ll y ie ld  from th ian -3 ,5 -d io n e  46 by th e  sequence 
in d ica ted  in  Scheme 2. The enone was used to  prepare racemic 11,15- 
d id eo x y -lla -h o m o -ll-th iap ro stag lan d in  E^ v ia  i t s  e th y l e s te r .  Samples 
o f  the enone sen t to  Miles P rostag land in  L ab o ra to ries , Madison,
W isconsin, were converted to  11 -deo x y -lla -h o m o -ll-th iap ro stag lan d in  E-^
(52) and i t s  8 ,1 2 -d ias te rio iso m er by Drs W.D. Woessner and G.P. P e ru z o tti ,  
using  an organocopper (I) reagent derived  from v in y llith iu m  58.
found th a t  the  ace ty len ic  linkage in  compounds o f type 54 considerab ly  
a c tiv a te d  the molecule to  e le c tro p h ilic  c h lo r in a tio n . A pplication  o f 
the  c h lo rin a tio n  re ac tio n  to  dione 47 was hampered by a tta c k  a t  su lp h u r, 
as had been fea red . This led  to  c h lo rin a tio n  alpha to  su lphur r a th e r
H
58
Useful inform ation regard ing  the sy n th esis  o f  five-membered c y c lic  
enones was obtained from model experim ents. In p a r t ic u la r ,  i t  was
than su lphox idation , a novel re a c tio n ; such behaviour i s  more ty p ic a l 
o f sulphoxides than o f su lph ides. Some suggestions fo r  m odification  
of the  approach to  five-membered c y c lic  enones are s e t  out a t  th e  end 
o f the l a s t  r e s u l ts  sec tio n .
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THE FIRST.APPROACH
DIECKMANN CYCLISATIONS LEADING TO THIOLAN-3-ONES
DISCUSSION
Dieckmann condensations are  base-promoted in tram olecu lar acy la tio n s
in  which d icarboxy lic  e s te rs  are converted to  c y c lic  3 -keto  e s te r s .
The employment of th is  condensation in  organic sy n th es is  has been
86reviewed by Schaefer and Bloomfield. . Scheme 3 i l l u s t r a t e s  the  
mechanism o f the  p ro cess . Removal o f a proton alpha to  one o f the 
carbonyl groups of the d ie s te r  6 6  by the  a c tio n  of the  base gives 
eno la te  anion j57. In tram olecu lar n u c leo p h ilic  a tta c k  by th e  anion 
on the  o ther carbonyl group r e s u l ts  in  r in g -c lo su re  to  anion 6 8 , 
from which the  product 6!9 is  formed by e lim in a tio n  of alkoxide ion. 
Provided i t  has an alpha hydrogen atom, the product is  converted 
e n t i re ly  to  the  re so n an ce -s ta b ilised  eno la te  anion 70; . i t  i s  th e re ­
fo re  necessary  to  use a t le a s t  one equ ivalen t o f the base to  e f fe c t  
complete conversion. The e le c t r ic a l ly  n e u tra l c y c lis a tio n  product 69 
is  obtained  by a c id if ic a t io n  o f the re a c tio n  m ixture.
The form ation of eno la te  70 d isp laces a l l  the  e q u i l ib r ia  in  Scheme
3 to  th e  r ig h t ,  so i t  is  p o ssib le  to  achieve c y c lisa tio n  using
r e la t iv e ly  weak bases such as methoxide and ethoxide. I f  n e ith e r
e s te r  fu n c tio n  has an alpha methylene group th is  d riv ing  fo rce  is
absen t, and c y c lis a tio n  proceeds only in  the presence o f a powerful
base , i f  a t  a l l .  For in s tan ce , treatm ent of d ie s te r  71 w ith
triphenylm e thy  Is  odium gave only the decarboxyl a t  ed product 77 in
low y ie ld ; no c y c lis a tio n  product was obtained  from d ie s te r  73,
which in s tead  underwent a reverse  Michael re a c tio n , the  th io l  74 
87being iso la te d .
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In the  case o f an unsymmetric d ie s te r  two products are p o ss ib le  s ince  
the  i n i t i a l  p roton ab s tra c tio n  may occur alpha to  e i th e r  e s te r  group, 
unless only one of the p o ss ib le  products is  capable o f forming an 
eno la te  70. Thus the  c y c lisa tio n  o f su lphides o f type 75 may lead  to  
4-carbalkoxyth io lan-3-ones lb_ o r the 2-carbalkoxy isomers 77. Some 
examples o f such reac tio n s  which have been reported  in  the l i t e r a tu r e  
are summarised in  Table 1.
K eto -esters 7b give s ta b le  f e r r i c  eno la tes on treatm ent w ith  f e r r i c
ch lo rid e , which are ty p ic a lly  in ten se  red  in  co lour. The isomers 77
u su a lly  give a b lue or green en o la te ; however, the  co lour fades because
88they are  re a d ily  oxid ised  by f e r r i c  ion to  dimers 7S_. Thus th e  r a t io  
o f the Dieckmann re ac tio n  products may g en era lly  be determ ined by 
t i t r a t i o n  against f e r r i c  ch lo rid e , the end-point being in d ica te d  by 
a permanent red  co lo u ra tio n .
1
78
X = CO. R1
The r e s u l ts  in  Table 1 are  encouraging s in ce  fo r  most of the  re a c tio n s
conducted in  benzene or to luene a t  r e la t iv e ly  high tem peratures (80.-120°),
r in g -c lo su re  in  the  d ire c tio n  d e s irab le  fo r  the  c y c lis a tio n  s tag e  o f
Scheme 1 was favoured, the  only exception being the example w ith  th e
2r e la t iv e ly  bulky su b s titu e n t R = - ( 0 1 2 ) 4 0 0 2 0 1 2 . At lower tem pera tu res ,
2r in g -c lo su re  in  the undesired  d ire c tio n  predominated (R = H, CH^  o r 
C ^ iy , perhaps because le ss  a c tiv a tio n  energy is  req u ired  to  a b s tra c t
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TABLE 1
R 1 0 2c  ^ c o 2 r 1
NaOR1
S R‘
75
X CO;S R
76
R1 ■ R2 SOLVENT TEMPERATURE
ch 3 H methanol . • 0 °
ch 3  . H d ie th y l e th e r o°-
CH3 H d ie th y l e th e r room tem perature
ch3  - H d ie th y l e th e r 35°
H to luene 80 -  1 2 0 °
ch 3 H toluene 1 1 0 °
C2H5 H benzene 80°
C2H5 n-C^Hy benzene 80°
ch 3 - (c h 2 ) 4 co 2 ch3 to luene 1 0 0 °
ch3 ch 2 co 2 ch 3 to luene 1 0 0 °
ch 3 co 2 ch 3 benzene 80°
c2HS C6 HS d ie th y l e th er room tem perature
CH3 C6H5 benzene 40°
CH3 c 6 h5. to luene 1 1 0 °
ch 3  . ch3 benzene 40°
C2HS ch 3 d ie th y l e th e r room tem perature
C2 % ch 3 to luene 1 0 0 °
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89a pro ton  alpha to  sulphur than to  carbon. Another fa c to r  a f fe c tin g
the  product r a t io  could be th e  r e la t iv e  s o lu b i l i t i e s  o f  the  two en o la te s ,
sin ce  the  p re c ip i ta t io n  o f a p a r t ic u la r  eno la te  would d isp lace  the
o v e ra ll equ ilib rium  in  i t s  favour. This e f fe c t  may have co n trib u ted
to  the  anomalous r e s u l t  in  the  case where R was (Ciy^GC^Gl^. In
th is  example the m ajo rity  o f the sodium en o la te  was p re c ip i ta te d ;
a c id if ic a t io n  o f the s o lid  le d .to  a .61% y ie ld  o f k e to -e s te r  which was
97% o x id isab le  by f e r r i c  c h lo rid e , whereas th e  to lu en e -so lu b le  f ra c t io n
93o f the  eno la te  gave a 13% y ie ld  o f 45% o x id isab le  m a te ria l.
/ C O zR1
s r 2
79 80 75
The s ta r t in g  m a te ria ls  fo r  the Dieckmann c y c lis a tio n  lead ing  to
carbalkoxythiolan-3-ones may conveniently  be prepared by Michael
ad d itio n  of th io g ly c o lla te  _79 to  th e  ap p ro p ria te  a ,B -unsa tu ra ted  e s te r
80, using a c a ta ly t ic  q u an tity  o f base. A lte rn a tiv e ly , the  Michael
and Dieckmann reac tio n s  may be performed in  one process by adding
f i r s t  the th io l  and then th e  alkene to  a suspension o f  a t  le a s t  one
equ ivalen t o f base in  the re ac tio n  so lv en t. A m od ifica tion  o f th is
99method has been described  in  which th io g ly c o lla te  is  added to  a 
so lu tio n  o f sodium alkoxide in  alcohol and the  alcohol d i s t i l l e d  o u t, 
g iv ing sodium s a l t  81 f re e  o f  a lcoho l. The s a l t  i s  then d isso lv ed  in  
dim ethylsulphoxide and tre a te d  w ith the alkene a t  room tem perature .
The Michael re a c tio n  gives th e  anion leading to  r in g  c lo su re  in  th e  
d esired  d ire c tio n , 8 ,2 .
r ’OzC QP2r1 base* . * r 1o 2c2 | \  2 catalyst 1 iI + I . I
S H  R
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Na
Rl°2 C jPI R,°i♦ S  r 2
r ' o ^ P ^ o r -
S  R 2
81 82
, c o 2r 1
S R‘
76
In dim ethylsulphoxide th e  r a te  o£ rin g -c lo su re  may be com petitive 
w ith th a t  of iso m erisa tio n  to  the  a l te rn a te  anion s in ce  d ip o la r  
a p ro tic  so lven ts  enhance the  r e a c t iv i ty  o f  a n i o n s . R i n g - c l o s u r e  
in  the  d esired  d ire c tio n  may th e re fo re  by ob ta inab le  w ithout r e s o r t  
to  high tem peratures.
O R 1
R O
r ’ o . c  s  R
83 77
9 9
In  the  o r ig in a l re p o r t ,  the  re ac tio n  of methyl th io g ly c o lla te  and
■ 1  2  methyl a c ry la te  was sa id  to  give keto e s te r  76_ (R = QI^, R = H)
1  2ra th e r  than  77 (R = a i^ , R = H), although no evidence was p resen ted  
fo r  t h i s .  However th e  method has re c e n tly  been used w ith  g re a t 
success to  prepare n i t r i l e  from e th y l th io g ly c o lla te  and e th y l
30
389-cyano-2-nonenoate (70% y ie ld ) .
co2c2H5
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The keto -eno l tautomerism o f compounds o f type 76 and 77 has been 
in v e s tig a te d  by in f ra - re d  s p e c tro s c o p y . '^  Samples o f 4-carbomethoxy- 
th io lan -3 -o n e  (85), an approxim ately 1:3 m ixture of 8_5 and i t s  
2-carbomethoxy isomer 8 1 6  (prepared as in  re ference  89) and 2-carbomethoxy- 
4-methyl th io lan -3 -o n e  (87) were s tu d ied ; comparisons were made 
w ith  2 -carbomethoxycyclopentanone ( 8 8 ) and the  corresponding e th y l 
e s te r  89.
C O 2 C H 3  Q
/ H  -  O
S
85
OCH
H — O
> - O C H
c h 3o 2c  s c h 3o 2c  s
CH
86 87 88 R :  CH 3
89 R - C2H5
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In  the  1800-1600 cm  ^ reg ion , th e  sp e c tra  of the  2-carbomethoxy 
compound 87 ( liq u id  f ilm , carbon te tra c h lo r id e  o r isobutanol so lu tio n ) 
s tro n g ly  resembled those of the  carbocyclic  compounds 818 and 89, and 
showed a low degree o f e n o lisa tio n  (87_:: vmax CCCl^) 1754s (ketone CO), 
1738s ( e s te r  CO), 1658w (chela ted  CO o f enol tautomer) and 1604 cm 
(C=C o f enol tau tom er)). On the o th e r hand, the  4-carbomethoxy 
compound J35 (a low-melting so lid )  was found to  be com pletely eno lised  
in  a m ineral o i l  m ull, and contained only small amounts of the  keto 
form in  o th e r media (more in  isobutanol than in  carbon te tra c h lo r id e  
or a l iq u id  film ; vmax; (CCl^) 1755w, 1735w, 1674s and 1630s cm ^ ) . 
A c id if ic a tio n  of the  carbon te tra c h lo r id e  so lu tio n s  w ith  hydrogen c h lo rid e  
increased  the degree of e n o lisa tio n  o f 8 _7, but decreased i t  in  8_5.
The behaviour o f the  m ixture o f 815 and 8 b was in term ediate  between th a t  
of ^5 and J37, in d ica tin g  th a t  8 6  s tro n g ly  resembled 87_. The ex ten t 
o f  e n o lisa tio n  could a lso  be c o rre la te d  w ith the  in te n s i ty  o f the 
broad band a t  3400-3080 cm  ^ (hydrogen-bonded OH).
RESULTS
As a model study fo r  the p rep ara tio n  of the  in term ed iate  req u ired
fo r  the sy n th e tic  rou te  in  Scheme 1, the  p rep ara tio n  o f  th e  known 
92compound 90. was in v es tig a ted .
CO,C,HL °>\_____ /  C 0 2C2H52 v 2 n 5
OCOCH S 0 'C 3 H 7
34 90
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The p recu rso r o f 90, d ie s te r  91, was prepared by.M ichael ad d itio n  of 
methyl th io g ly c o lla te  to  e th y l hex- 2 -enoate , e i th e r  as a sep ara te  
s tag e  using  "T rito n  B" (benzyltrimethylammonium hydroxide) as base 
c a ta ly s t  o r in  s i tu  w ith  the Dieckmann condensation.
C yclisa tions of d ie s te r  9_1 were c a rr ie d  out using sodium ethoxide in
e th e r  a t  room tem perature (method A), and sodium methoxide in  re flu x in g
benzene (method B). The d ire c t  process was performed w ith  sodium
ethoxide in  benzene as in  re fe ren ce  92 (method C). F in a lly , e th y l
hex-2-enoate was tre a te d 'w ith  the  S-sodio d e riv a tiv e  o f methyl th io -
99g ly c o lla te  in  dim ethylsulphoxide a t  room tem perature (method D).
The products were p u r if ie d  by d i s t i l l a t i o n .  The o v e ra ll y ie ld s  from 
e th y l hex- 2 -enoate  (ca lcu la ted  on the  m olecular weight o f the  d es ired  
•product 90) were A 48%, B 22%, C 35%, and D 56%; th a t  i s ,  a t  a given 
tem perature the d ire c t  p rep ara tio n  was more e f f ic ie n t ,  and b e t te r  
y ie ld s  were obtained a t room tem perature than a t  80°.
Products B, C and D gave in fra -re d . sp e c tra  ( liq u id  film ) c lo se ly  
resem bling th a t  o f  the  u n su b stitu ted  compound ^5 (3100br, 1755s,
1735s, 1660 and 1620 cm ^) in d ic a tin g  a s u b s ta n tia l degree of 
e n o lisa tio n . For product A th e  bands corresponding to  th e  enol form 
were r e la t iv e ly  weak. In th e i r  proton n u c lear magnetic resonance 
sp e c tra  (deu terioch loroform ), products C and D showed a p a i r  o f  
hydroxyl s ig n a ls  a t  t -1 .2  and -0 .5  o f combined in te n s i ty  0.15 (C)
c h 3o 2c Ic o 2c 2h 5 c h 3o 2c Xc o 2c 2h 5ISH IS n - C3H 7
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and 0.23H (D), whereas product A gave no d e tec tab le  enol s ig n a l, in  
agreement w ith  the  in f ra - re d  r e s u l t s .  The absence o f enol tautomers 
in  product A re su lte d  in  i t  having a r e la t iv e ly  simple pro ton  n u clear 
m agnetic resonance spectrum, which was co n s is ten t w ith  s tru c tu re  90.
The four products were analysed by g a s -liq u id  chromatography on UGV 98,
using  a tem perature program o f 120-180° a t  3 deg/min. In each case
two components were observed, o f  approximate re te n tio n  tim es 9 and 10
min. The r a t io  o f th e  areas o f  the  peaks' a t  ’9 and 10 min was between
30:70 and 25:75 in  a l l  samples except product B, when i t  rose to
75:25. In th e  d i s t i l l a t i o n s  of products B, C and D the  d i s t i l l a t e
was a r b i t r a r i ly  d iv ided  in to  two f ra c tio n s ;  the h ig h e r-b o ilin g  f ra c tio n s
had s l ig h t ly  more o f th e  component o f longer re te n tio n  tim e, and
s l ig h t ly  le s s  enol ch a rac te r  as judged by th e i r  in f ra - re d  sp e c tra .
The ex ten t o f  e n o lisa tio n  d id  not c o r re la te  w ith  the chromatographic
r e s u l ts  however, s ince  these  would re q u ire  product B to  be th e  le a s t
en o lised , and not product A as was actually- observed. Two o th e r
explanations fo r  the  presence o f two components may be suggested:
Dieckmann c y c lisa tio n  p a r t ia l ly  in  the  undesired  d ire c tio n , and
c is - tr a n s  isomerism o f the carbethoxy and propyl groups w ith  re sp ec t
to  the five-membered r in g . The f i r s t  o f  these  is  in c o n s is te n t w ith
the  proton n u clear magnetic resonance spectrum o f product A, and the
s a t is fa c to ry  elem ental an a ly sis  o f product C, s ince  the  a l te rn a t iv e
c y c lis a tio n  product would be methyl e s te r  92 ra th e r  than  an e th y l e s te r ;
i t  is  a lso  co n trad ic to ry  to  l i t e r a tu r e  rep o rts  th a t  the d e s ire d  d ire c tio n
89o f r in g -c lo su re  is  favoured by the use of h igher re a c tio n  tem peratu res. ’ 
90,96
A dditional evidence ag a in st th e  presence o f the  unwanted keto  e s te r  92 
was obtained by tre a t in g  a sam ple 'of product A w ith f e r r i c  ch lo rid e
34
u n t i l  a pem anent re d -v io le t  co lo u ra tio n  was obtained . The re s u lt in g  
m ixture was worked-up by e x tra c tio n  w ith  benzene. D espite an apparen tly  
s ig n if ic a n t  uptake o f f e r r i c  c h lo rid e , g a s -liq u id  chromatography o f 
the  product showed th a t  n e ith e r  component had been ox id ised .
CH30 2C s n - C 3H 7
92
Ethyl 4-bromocrotonate 93 was prepared  in  73% y ie ld  by a l l y l i c  brom ination
o f e th y l ■ cro tonate  w ith  N-bromosuccinimide in  re flu x in g  carbon t e t r a -
102 103c h lo rid e , in  the presence of dibenzoyl peroxide.
41In  a l i t e r a tu r e  p rep a ra tio n , brom oester 93 was converted to  e th y l 
4-acetoxycrotonate (32) in  74% y ie ld ,  by re flu x in g  1 2 h w ith  potassium  
a c e ta te  in  g la c ia l  a c e tic  ac id . An attem pt to  rep ea t th i s  procedure 
gave a f te r  15|h re flu x  only a 54% y ie ld , and g a s - liq u id  chromatography 
o f the  product in d ica ted  th e  presence o f about 2 0 % unchanged bromo 
e s te r .  This r e s u l t  was apparen tly  no t due to  in s u f f ic ie n t  exclusion  
o f m oisture from the  re a c tio n  m ixture, because no fu r th e r  conversion 
o f the  bromo e s te r  occurred on re flu x in g  the p ro d u c t 'fo r  5h w ith  
potassium  ace ta te  in  a c e tic  acid  con tain ing  1 0 % a c e tic  anhydride.
In another attem pt to  prepare a c e ta te  _32, the  l i t e r a tu r e  procedure 
was repeated  using sodium a c e ta te  in  p lace  o f potassium  a c e ta te . A 
lower y ie ld  (40%) re su lte d , bu t the  product was r e la t iv e ly  f re e  o f 
unchanged brom ocrotonate. The apparent re ta rd a tio n  o f  the  m eta th esis  
by a c e tic  anhydride prompted an experiment in  which a c e tic  ac id  
con tain ing  1 % w ater was used as so lv e n t, again w ith  sodium a c e ta te .
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A fter 16h re f lu x  a 57% y ie ld  o f pure ace ta te  32_ was achieved. The 
course o f th e  re a c tio n  was in v e s tig a ted  by g a s -liq u id  chromatography; 
i t  was ev id en tly  acce le ra ted  by w ater s ince  consumption o f the bromo 
e s te r  was complete in  l |h .  Shortening the re a c tio n  period  to  th is  
time ra ise d  the y ie ld  to  th e  l i t e r a tu r e  value of 74%.
C O 2 C 2 H 5t Br C02C2H5o c o c H a
93 32
The re s u l ts  o f reac tio n s  o f  methyl and e th y l th io g ly c o lla te  w ith  
a c e ta te  _32 under b a s ic  conditions are summarised in  Table 2. The 
i n i t i a l  aim o f these  experiments was to  prepare k e to -e s te r  34 d ir e c t ly  
since  th is  approach had given b e t te r  y ie ld s  o f the model compound 90. 
However, complex m ixtures were g en era lly  ob tained , and th e  only product 
which could be iso la te d  in  u se fu l y ie ld  was the  Michael adduct 33 ,o r 94.
r o 2cI / C 0 2 C 2 H 5  /O CO C H 3 / c o 2c 2 h 5OCOCH3
33 R = C 2H5
94 R CH3
34
In the f i r s t  two runs, method D o f the model experiments was used.
The main product, _33, was id e n tif ie d  by . i t s  n .m .r. spectrum. The 
form ation o f d ie th y l e s te r  33^  r a th e r  than mixed e s te r  79. showed th a t  
a lky l exchange had occurred when methyl th io g ly c o lla te  was exposed to  
e th an o lic  sodium ethoxide. In run 2, the c y c lis a tio n  product 34_ could
TABLE 2
a
b
c
RO,Cl c 2h 5o 2c .SH r o 2cOCOCH
32
33 R - GoH
C 02C2H5 
OCOCH
94 R = CH3
RUN R BASE . SOLVENT
1 ch 3 3.1  equ ivalen t sodium ethoxide dime th y l sulphoxide
2 ch 3 3.1  equ ivalen t sodium ethoxide dim ethylsulphoxide
3 ch 3 tra c e  o f  'T r ito n  B" benzene
4 ch 3 0.05 equivalen ts sodium ethoxide 1,4-dioxan
5 1  equ ivalen t sodium ethoxide benzene
6 C2H5 1.4 equ ivalen ts sodium to luene
7 C2H5 ' 1 . 1  equ iva len ts  potassium  te r t-b u to x id e  to luene
8 1  equ ivalen t potassium  te r t-b u to x id e benzene
9 •' C2 % 1  equ ivalen t potassium  te r t-b u to x id e benzene
TE3
room
Methyl th io g ly c o lla te  was tre a te d  w ith  e th an o lic  sodium e thox ide , alcohol was rei 
dim ethylsulphoxide and alkene 32_ added. .
This product was contaminated w ith  Michael adduct 33; y ie ld  co rrec ted  in  accordai 
This product was not d i s t i l l e d .
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no t be com pletely separated  from the Michael adduct by d i s t i l l a t i o n .  
I so la tio n  o f 34 from the b e s t f ra c tio n  v ia  conversion to  i t s  copper(II) 
ch e la te  was found to  be in e f f ic ie n t ,  only about lO i o f  th e  amount 
estim ated  to  be p re sen t by g a s - liq u id  chromatography being recovered.
The Michael ad d itio n  o f  methyl th io g ly c o lla te  to  e th y l 4-acetoxycro tonate
req u ired  h arsh er conditions than the  ad d itio n  to  e th y l hex - 2 -enoate
used in  th e  model experim ents; "T rito n  B" (run 3) f a i le d  to  promote
105the re a c tio n , and even sodium ethoxide (run 4) was not a very  
e f fe c tiv e  c a ta ly s t .
In runs 5-9 the  re a c tio n  m ixtures were worked-up by pouring in to  w ater 
r a th e r  than ac id , to  sep ara te  the  n e u tra l from th e  a c id ic  p roducts, 
which were subsequently l ib e ra te d  by a c id if ic a t io n  o f  th e  aqueous 
phase. In t i t r a t i o n  ag a in s t f e r r i c  c h lo rid e , the  a c id ic  product from 
run 5 gave a c h a ra c te r is t ic  permanent red  colour w ith  the f i r s t  drop, 
as expected fo r  the  d es ired  k e to -e s te r  34. In run 7, some o f the  
so lven t vapour was d i s t i l l e d  out during the  period  o f  r e f lu x , w ith  
a view to  fo rc ing  the  c y c lis a tio n  by removing a lco h o ls. G as-liqu id  
chromatographic an a ly sis  o f the d i s t i l l a t e  by comparison w ith  known 
m ixtures in d ica ted  th a t  approximately 0 . 8  equ ivalen ts o f  ethanol and 
0 .3  equ ivalen ts o f te r t-b u ta n o l were removed (in  p r in c ip le ,  one 
equ ivalen t o f each alcohol should be re lea sed  by the form ation o f one 
equ ivalen t o f  Dieckmann product as i t s  en o la te ; some o f  the  ethanol 
must th e re fo re  have been formed in  s id e -re a c tio n s , in  view o f  th e  y ie ld  
o f Michael adduct). Runs 8  and 9 were intended to  provide Michael 
adduct 1 1  so th a t  i t s  c y c lis a tio n  could be s tu d ied  as a sep a ra te  
re a c tio n ; they were e s s e n tia l ly  m odifications o f run 7. The r e s u l ts  
o f the  c y c lisa tio n  study are p resen ted  in  Table 3.
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TABLE 3
C2H5O2C ✓CO2C2H5
■L ^ OCOCH
33
RUN BASE . SOLVENT
1 0  2  equ ivalen ts sodium ethoxide xylene
1 1  1  equ ivalen t sodium ethoxide xylene
1 2  2  equ ivalen ts sodium hydride (o il  d ispersion ) to luene
13 2  equ ivalen ts sodium hydride (o il  d ispersion ) to luene
14 2 equ ivalen ts sodium hydride (o il  d isp ers io n ) to luene
15 2 equ ivalen ts sodium to luene
16 2  equ ivalen ts sodium hydride (o il- f re e )  to luene
17 1 equivalent "Proton Sponge" (80) to luene
18 1 equ ivalen t "Proton Sponge" (80) dim ethylsulphoxide
Reaction worked-up by pouring in to  w ater and subsequent a c id if ic a t io n  o f 
Reaction worked-up by pouring in to  phosphate b u ffe r  (pH 6-7).
Y ield o f  d i s t i l l e d  product.
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In run 10 th e  re ac tio n  was worked-up a f te r  two equ ivalen ts o f ethanol
had been* d i s t i l l e d  ou t. The g a s -liq u id  chromatographic an a ly sis  of
the  d i s t i l l a t e  in d ica ted  th e  presence o f an unexpected component, and
i t s  in f ra - re d  spectrum had bands a t  1754 and 1247 cm ^ in  ad d itio n
to  those due to  ethanol and xylene, suggesting th a t  an a l ip h a tic  e s te r
was p re sen t. The observations could be accounted fo r  by th e  presence
o f 0 .7  equ ivalen ts o f e th y l a c e ta te  in  the d i s t i l l a t e ,  implying th a t
the major s id e -re a c tio n  involved n u c leo p h ilic  a tta c k  by ethoxide on
the  acetoxy fun c tio n . In run 11 i t  was hoped to  a l le v ia te  th is  problem
by minimising th e  amount o f ethoxide used , bu t w ithout success. The
non-nucleoph ilic  base sodium hydride was th e re fo re  t r i e d ,  so th a t  the
concen tra tion  o f  ethoxide ion in  the  re ac tio n  m ixture would a t  le a s t
be low to  s t a r t  w ith , although i t s  form ation from ethanol l ib e ra te d
during th e  Dieckmann condensation could no t be avoided. Two equ ivalen ts
o f hydride were used so th a t  fre e  ethanol would be removed from the
re a c tio n  m ixture w ithout recourse to  d i s t i l l a t i o n ,  enabling a lower
re a c tio n  tem perature to  be employed. The progress o f  the c y c lis a tio n
was monitored by g a s -liq u id  chromatography o f a c id if ie d  samples, and
observation  o f hydrogen evo lu tion . Hydrogen evolu tion  d id  no t begin
immediately on mixing, and in  some runs i t  was necessary  .to  add a
drop o f ethanol to  i n i t i a t e  the re ac tio n . That i s ,  the  ra te  o f  condensation
was n e g lig ib le  u n t i l  a tra c e  of ethoxide had been formed, implying
th a t  hydride i t s e l f  was r e la t iv e ly  in e f fe c tiv e  in  promoting c y c lis a tio n .
Although g a s - liq u id  chromatographs from run 12 p r io r  to  work-up
were prom ising, the p roduct, ob tained by pouring the re a c tio n  m ixture
in to  w ater and subsequently ac id ify in g  th e  aqueous phase, was
contaminated w ith  sev era l im p u ritie s ; i t  th e re fo re  seemed d e s ira b le
to  avoid exposing the  product to  hydroxide ion. In  l a t e r  runs exposure
to  both a lk a li .a n d  strong  acid  was avoided by pouring th e  re a c tio n
m ixtures in to  a phosphate b u ffe r  so lu tio n  (pH 6 -7 ); another p o ssib le
advantage o f th is  method o f work-up was th a t  any s tro n g ly  a c id ic  by-
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products would be re ta in ed  by the aqueous phase a t  the  r e la t iv e ly  high 
pH employed. The problem of sep ara tin g  th e  k e to -e s te r  from the  Michael 
adduct 33 no longer a ro se , s in ce  the  reac tio n s  were not worked-up u n t i l  
the  l a t t e r  has been com pletely consumed. However, in  runs 13 and 14 
sep ara tio n  o f m ineral o i l  (o rig in a tin g  in  th e  sodium hydride d ispersion ) 
from the  product was troublesom e. This problem was no t overcome by
changing th e  base to  f in e ly -d iv id ed  sodium (run 15) in  th is  case the
consumption of 33 was r e la t iv e ly  slow, d esp ite  the  h igher tem perature 
employed, and none o f the  d es ired  product 34 was obtained . The c y c lis a tio n  
was th e re fo re  repeated  using  o i l - f r e e  sodium hydride (run 16). I n i t i a t io n  
was more d i f f i c u l t  than  when the  o i l  d isp e rs io n  had been used, but the
y i e l d '(17%) was as good. These conditions were th e  b e s t found fo r  the
p rep ara tio n  of k e to -e s te r  34 from sulphide 33.
D is t i l la t io n  o f the  products from runs 13, 14 and 16 gave, in  ad d itio n
to  the d es ired  k e to -e s te r  34, a low -boiling  component id e n tif ie d  by
i t s  in fra - re d  spectrum and g a s -liq u id  chromatographic re te n tio n  time
as e th y l th io g ly c o lla te , in  5-10% y ie ld . The occurence o f a r e t ro -
87Michael re a c tio n  s im ila r  to  th a t  observed by Acheson e t a l  was 
th e re fo re  im plied.
As an a lte rn a t iv e  to  sodium hydride , "Proton Sponge" (1 ,8 -b is -  
(dimethyl amino) naphthalene, 95) was t r i e d .  This base is  only very  weakly
95
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n u c leo p h ilic  as a r e s u l t  o f the s te r i c  crowding around the  n itro g en
atoms, but more s tro n g ly  b a s ic  (pK = 1 2 .3 4  in  w ater) than ord inarya
a l ip h a tic  amines because the s te r i c  s t r a in  is  very e f fe c t iv e ly  re lie v e d  
X06by p ro to n a tio n . I t s  base s tre n g th  was ev iden tly  no t s u f f ic ie n t  
to  a b s tra c t a proton from sulphide £3 however, s ince  no re a c tio n  was 
observed in  runs 17 and. 18.
With a view to  tak ing  advantage o f the weak n u c le o p h ilic ity  o f the
107te r t-b u to x id e  ion , the Dieckmann rin g -c lo su re  o f te r t - b u ty l  e s te r  
96 was s tu d ied .
Ro,c /  c o 2c 2h 5
OCOCH,
s  3
96 R = C(CH3) 3
97 R - H
To prepare £ 6 , th io g ly c o ll ic  ac id  was added to  e thy l 4 -acetoxycro tonate
in  the  presence o f potassium  te r t-b u to x id e  to  give ac id  £7, which
could not be d i s t i l l e d  owing to  a s trong  tendency to  decompose on
h ea tin g . E s te r if ic a t io n  o f the crude ac id  w ith  excess isobutene and
108a c a ta ly t ic  amount o f s u lp h u r ic . ac id  gave e s te r  £ 6  in  40% o v e ra ll
y ie ld  from th io g ly c o ll ic  acid .
The attem pts to  convert t e r t - b u ty l e s te r  ££  to  keto e s te r  34 are  summarised 
in  Table 4. Sodium hydride was le ss  e f fe c tiv e  than i t  had been fo r  
r in g -c lo su re  o f the d ie th y l e s te r  £3; w ith  two equ iva len ts  (run 19) 
a m ixture o f products was obtained , o f  which 34 was a minor component.
With one equ ivalen t o f sodium hydride (run 20) the re a c tio n  would no t
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TABLE 4
t-C 4H90 2C  ^ C 0 2C2H5
^ k /O C O C H
%
\
96
R,UN
19
20 
21 
22
BASE
2  equ ivalen ts sodium hydride 
1  equ ivalen t sodium hydride 
1  equ ivalen t sodamide 
1 .4 .equivalents sodamide
SOLVENT
toluene
to luene
benzene
to luene
This product was contam inated w ith s ta r t in g  su lph ide 81
Y ield a f te r  d i s t i l l a t i o n .
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go to  com pletion, re su ltin g  in  contam ination .of the  product w ith  
unchanged s ta r t in g  m a te ria l 96^ When sodamide was used as the  
condensing b ase , i n i t i a t io n  was much e a s ie r  and sh o rte r  re a c tio n  
tim es were needed. As w ith  sodium h ydride , one equ ivalen t was found to  
be in s u f f ic ie n t  fo r  complete conversion o f th e  s ta r t in g  e s te r  (run 2 1 ) .
In th is  experim ent, the  re a c tio n  m ixture was kept a t  70° fo r  6 h a f t e r  
evo lu tion  of ammonia had ceased. Although g a s - liq u id  chromatographs 
had in d ica ted  the form ation o f a s ig n if ic a n t  amount o f  th e  d es ired  
product 34 during th e  period  o f ammonia.evolution, most o f  i t  was 
ev iden tly  lo s t  during the  period  of h ea tin g  s in ce  the co n cen tra tio n  
in  the crude re a c tio n  product was very low. In th e  course o f  th e  work-up 
a v iscous, brown o i l  s e t t le d  between the aqueous and benzene la y e rs ; 
i t  c ry s ta l l i s e d  to  g ive a l ig h t  brown powder, m.p. 140° w ith  decom­
p o s itio n . The in f ra - re d  spectrum (KBr) had a strong band a t  1770 cm  ^
in d ic a tiv e  o f a 5-membered lac tone r in g . A p o ssib le  exp lanation  would 
be e lim in a tio n  o f e th y l a c e ta te  from the  d es ired  product 34, which 
would lead  to  lac tone  98 . t
O
s
98
Increasing  the  amount o f sodamide to  1 .4  equ ivalen ts  (run 2 2 ) r e s u l te d  
in  complete consumption o f the s ta r t in g  e s te r  96 during th e  p erio d  
of ammonia evo lu tion . The re ac tio n  was worked-up Immediately, and th e  
d es ired  k e to -e s te r  34_ obtained in  18% y ie ld . The s l ig h t  improvement 
in  comparison to  the  b e s t y ie ld  obtained from d ie th y l e s te r  33 (17%) 
was more than outweighed by the  r e la t iv e  in e ff ic ie n c y  o f the  p re p a ra tio n  
o f the te r t- b u ty l  e s te r  !96. Moreover, f e r r i c  ch lo rid e  t i t r a t i o n s  o f  the
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products o f runs 2 0  and 2 2  showed th a t  in  c o n tra s t to  th e  c y c lis a tio n  
o f  d ie th y l e s te r  _33, r in g -c lo su re  of te r t - b u ty l  e s te r  £ 6  occured p a r t ly  
in  the  undesired  d ire c tio n , presumably g iving 2 -carbobutoxythiblanone 
99. At f i r s t  a v io le t  co lo u ra tio n  was produced, which slowly faded; 
a t  the  end-point a permanent red  colour was obtained. The mole r a t io s  
o f  d esired  to  undesired  products 3 4 ^ 9 9  ^ c a lc u la te d  from th e  volumes o f 
f e r r i c  ch lo ride  needed, were 50:50 fo r  run 20 and 70:30 fo r  run 22, 
th a t  i s  a s l ig h t  improvement had been obtained by in creasin g  th e  re a c tio n  
tem perature, as expected from the l i t e r a tu r e  (see page 27).
OCOCH
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ALKYLATION OF CARBALKOXYTHIOLANONES
DISCUSSION
Factors In fluencing  the  Rate and S ite  o f A lky lation  o f E nolate Anions
(i)  General considera tions
A lkylation  of carbonyl compounds under b a s ic  conditions involves b i -  
m olecular n u c leo p h ilic  displacem ent (Sn 2  mechanism) o f a leav ing  
group such as a h a lid e  ion from an a lk y la tin g  agent, by the  en o la te  
anion of the  su b s tra te . In ambident anions such as e n o la te s , more 
than one atom bears a s ig n if ic a n t  p roportion  o f the  n e t charge as a 
r e s u l t  o f resonance. In the  eno la tes o f simple ketones, the  n eg a tiv e  
charge i s  d is tr ib u te d  between the  carbonyl oxygen and alpha carbon atoms 
( p a r t ia l  s tru c tu re s  1 0 0  and 1 0 1 ) , and-alky la tion , may th e re fo re  occur 
a t  e i th e r  s i t e .  The m ajo rity  o f th e  charge is  expected to  re s id e  on 
oxygen in  accordance w ith  i t s  g re a te r  e le c tro n e g a tiv ity , bu t fo r  th e  
same reason the  oxygen atom is  a much le s s  re a c tiv e  nu c leo p h ile  than  
the carbon atom, and p re fe re n t ia l  C -a lk y la tio n  may re a d ily  be achieved.
O’) o4 — o
100 101
I f  th e  equilibrium  concen tra tion  o f the  enol tautom er o f the  s u b s tra te  
i s  r e la t iv e ly  h igh , 0 -a lk y la tio n  is  more favourab le . This e f f e c t  i s  
i l lu s t r a t e d  by 3"keto e s te rs  (Scheme 4); a lk y la tio n  can occur a t  the  
ketone oxygen and alpha carbon atoms. The c o r re la tio n  between p ro p en sity  
to  O -alky la tion  and enol content is  no t su rp ris in g  in  view o f the
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s t r u c tu r a l  s im ila r i ty  o f  the  t r a n s i t io n  s ta te s  ( 1 0 2 , 103) and products
(104, 105; R = a lky l) o f 0 - and C -a lk y la tio n  to  the  corresponding
enol and keto  tautomers of the su b s tra te  (104, 105; R = H ) .^ ^  In
comparison w ith simple ketones, the  species involved in  O -a lky la tion
o f B-keto e s te rs  are made more favourable by conjugation. Five- and
six-membered cy c lic  B-keto e s te rs  are more prone to  O -a lky la tion  than
110 111th e  corresponding ac y c lic  compounds. ’
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The r a t io  o f C -:O -alky la tion  o f eno la te  anions may be in fluenced  by
the reac tio n  conditions', the  na tu re  o f the  counterion  and so lv e n t, and
109 112the s tru c tu re  and leaving group o f the  a lk y la tin g  agent. * The 
paragraphs which follow  describe hypotheses which r a t io n a l i s e  the
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in fluence of these  fa c to rs  and are  th e re fo re  u se fu l in  choosing re ac tio n  
cond itions fo r  a p a r t ic u la r  a lk y la tio n .
Condidering an iso la te d  eno la te  ion , fo r  in stance  th a t  o f  a (3-keto e s te r ,
i t  i s  apparent th a t  o f the  p o ssib le  a lk y la tio n  s i t e s  the oxygen atom
is  more exposed to  an approaching a lk y la tin g  agent than  is  th e  carbon
atom. In p ra c tic e  the  oxygen atom is  sh ie lded  by a sso c ia tio n  w ith
cations ( fo r  example, by io n -p a irin g ) and so lven t molecules (so lv a tio n );
the  ex ten t o f _C-alkylation th e re fo re  increases w ith  th e  degree and
113s tre n g th  o f such a sso c ia tio n , bu t the  o v e ra ll r a te  o f a lk y la tio n  
decreases s ince  f re e  anions are r e la t iv e ly  re a c tiv e .
Brdndstrbm has suggested th a t  fo r  a lk y la tio n s  o f m etal en o la tes  
in  which the ca tio n  i s  c lo se ly  a sso c ia ted  w ith  the  oxygen atom of the 
en o la te , coord ination  of the  a lk y la tin g  agent tb  th e  m etal could be 
an im portant fa c to r . Such coo rd ination  would favour C -a lk y la tio n  
because c lose  approach o f  the two carbon atoms involved would r e s u l t  
in  the  form ation of a six-membered rin g  (106), and the d ipo le  o f  the  
a lk y la tin g  agent would then be o rien ted  so as to  s h i f t  e le c tro n  d en s ity  
onto the C -a lky la tion  s i t e .
106
Some o f the e f fe c ts  on the  C -:O -alky la tion  r a t io  a re  conveniently  
ra tio n a lis e d  in  terms o f the p r in c ip le  o f "hard" and "so ft" ' Lewis ac id s
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115and bases. The hardness o f an acid  o r base depends on the  natu re  
o f  i t s  acceptor o r donor atom. A s o f t  acid  has an accep tor atom 
which is  la rg e , h ig h ly .p o la r iz a b le , o f  low p o s itiv e  charge, w ith  e a s ily  
ex c ited  o u te r  e le c tro n s ; the opposite  c h a ra c te r is t ic s  r e s u l t  in  a 
hard ac id . S im ila rly , th e  donor atom of a s o f t  base i s  u su a lly  la rg e  
and h igh ly  p o la r is a b le , has low e le c tro n e g a tiv ity  and empty low -lying 
o r b i ta l s ,  and may e a s i ly  be ox id ised . According to  the  p r in c ip le  o f  
hard and s o f t  acids and bases, hard acids p re fe r  to  coordinate to  
hard b ases, s o f t  acids to  s o f t  bases; a lso  u se fu l is  the  concept 
o f  "sym biosis": a c lu s te r  of acid  or base m oeities o f one kind around
a s in g le  donor o r acceptor atom is  favourable compared to  a combination 
of hard and s o f t  m oeities.
( i i )  Temperature
The e f fe c t  of re a c tio n  tem perature on the C -:O -alky la tion  r a t io  cannot
112be p red ic ted  w ith  c e r ta in ty  s in ce  i t  depends on opposing fa c to rs .
For reac tio n s  su b jec t to  k in e tic  c o n tro l, the  r a t io  may be expected 
to  decrease w ith  in creasin g  ra te  o f d is so c ia tio n  of the. m etal en o la te  
io n -p a ir , f re e  eno la te  ions being p a r t ic u la r ly  re a c tiv e  to  O -a lk y la tio n .
I f  the enthalpy o f a c tiv a tio n  o f io n -p a ir  d is so c ia tio n  is  p o s it iv e ,
h igher tem peratures favour O -a lky la tibn ; th is  i s  apparen tly  th e  case
111 110 when e th y l ace to ace ta te  and c y c lic  f>-keto e s te rs  are  a lk y la te d
in  dim ethylsulphoxide. In c o n tra s t ,  O -alky la tion  o f e th y l a c e to a ce ta te
in. N-m ethylpyrrolidone i s  favoured by lower tem peratu res, i l l u s t r a t i n g
the  p o in t th a t  the e f fe c t  o f tem perature cannot be p red ic ted  w ith
c e r ta in ty . For k in e tic a lly -c o n tro lle d  a lk y la tio n s  conducted in  e th e r
so lv e n ts , h igher tem peratures should favour C -a lk y la tio n  (the d is s o c ia tio n
X16of f  luoreny Is  odium in  te trah y d ro fu ran  is  exothermic ) .
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( i i i )  Concentration
High concen tra tions o f eno la te  should promote C -a lky la tion  since  
d is so c ia tio n  increases w ith  d ilu t io n . According to  B rh n d s tro m ,'^  
^ -a lk y la tio n  should a lso  be favoured by a high concen tra tion  o f  the 
a lk y la tin g  agent, s ince  it,w o u ld  then compete more e f fe c t iv e ly  w ith  
the so lven t fo r  coord ination  s i t e s  on th e  m etal.
(iv) Cation
The tendency o f a ca tio n  to  a sso c ia te  w ith  th e  oxygen atom o f an eno la te
increases w ith  i t s  hardness as a Lewis ac id , 0 being a hard  b ase . This
117explains why the o v e ra ll r a te  o f a lk y la tio n  r i s e s ,  and the
G -:O -alkylation  r a t io  u su a lly  f a l l s  109,112 ^  s e r^es 0£ catio n s
■f* *f* ^ ■ 4*Li , Na , K , R^ N . The order is  occasionally  reversed  w ith  re sp ec t
to  the  s i t e  o f a lk y la tio n , perhaps when coo rd ina tion  of the  a lk y la tin g
agent to  the ca tio n  is  the  overid ing  fa c to r ;  the a lk y la tin g  agent
is  a s o f t  Lewis acid  s ince  the  accep tor atom is  carbon. Since the
hardness o f a Lewis acid  increases w ith  the p o s itiv e  charge on the  accep tor
?+ 2+atom, m ultip ly-charged  ca tio n s such as Mg and Zn form eno la tes  in  
which the m etal and oxygen atoms are  very t ig h t ly  a sso c ia ted , and may 
even be regarded as covalen tly  bound. Such ca tio n s th e re fo re  promote 
C -a lk y la tio n , but th e i r  usefu lness is  lim ite d  by the  much lower r e a c t iv i ty  
of th e i r  en o la tes .
Cation-oxygen a sso c ia tio n  is  t ig h te s t  in  the  s o lid  m etal en o la te ; in  
th e  c ry s ta l  l a t t i c e ,  each oxygen atom may be linked  to  sev era l m etal 
atoms. Heterogeneous conditions th e re fo re  favour C -a lk y la tio n , bu t 
o v e ra ll reac tio n  ra te s  are  p a r t ic u la r ly  low because in te ra c t io n  w ith  the  
a lk y la tin g  agent occurs only a t the l iq u id -s o l id  in te r fa c e .
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(v) Solvent
The n a tu re  o f the so lv en t can have a pronounced e f fe c t  on the 
G -:O -alkylation  r a t io .  In non-polar so lven ts the ex ten t o f  io n -p a ir  
d is so c ia tio n  is  low, favouring C -a lk y la tio n . P o la r, p ro tic  so lven ts 
(good hydrogen-bond donors) such as methanol encourage io n -p a ir  d isso ­
c ia tio n  and th e re fo re  increase  the  o v e ra ll r a te  o f a lk y la tio n . The
so lv en t molecules become s tro n g ly  a ttached  to  the eno la te  oxygen atoms by
115hydrogen-bonding (a hard ac id  - hard base in te ra c tio n  ) so th a t
118G -alky lation  is  favoured.
D ipolar, a p ro tic  so lven ts  encourage io n -p a ir  d is so c ia tio n ; they 
so lv a te  ca tions much more s tro n g ly  than anions, causing a high con­
c e n tra tio n  o f f re e  eno la te  ions. The e f fe c t  of th ese  so lven ts  on 
a lk y la tio n s  is  th e re fo re  to  increase  the  r a te  and decrease the 
C -:O -alky la tion  r a t io .  Most o f these  so lven ts  f a l l  in to  two s t r u c tu r a l  
c la sse s : p o ly e th e rs , and those contain ing  doubly-bound oxygen.
The p o ly e th e rs , such as 1 ,2-dimethoxyethane and "diglyme" (d ie thy lene
gylcol dimethyl e th e r) so lv a te  ca tions by ac tin g  as po lyden ta te  lig an d s , 
119 th e i r  e ffec tiv en ess  g en era lly  in creasin g  w ith  the  number o f e th e r
119 120linkages. M acrocyclic po lyethers * ("crown e th e rs" ) are 
p a r t ic u la r ly  e f fe c tiv e  since they can com pletely envelope a c a tio n , . 
provided the  s iz e  o f the  m acrocyclic r in g  and the  ion are  com patible; 
the re su lt in g  complexes are much more s ta b le  to  d is s o c ia tio n  by so lven ts  
than those o f  acy c lic  p o ly e th ers . The s to ich io m etric  amount o f a 
crown e th e r needed to  complex the  ca tio n s  can th e re fo re .b e  very  e f fe c tiv e  
even in  the  presence o f an ordinary  so lv e n t, so these  ligands (many 
o f which are so lid s  a t  o rd inary  tem peratures) are norm ally used as 
ad d itiv es  ra th e r  than as so lven ts them selves.
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The e f fe c t  o f a s l ig h t  excess o f added crown e th e r on the  a lk y la tio n
of the sodium, potassium  and caesium eno lates o f e thy l ace to ace ta te
w ith  e th y l £ -to luenesu lphonate  in  various so lven ts has been s tu d ied
121by Kurts and co-workers. Hie C -:O -alky la tion  r a t io  was reduced in  
a l l  the so lven ts s tu d ied , the e f fe c t  being sp ec tacu la r fo r  non-polar 
so lven ts (a more than hundredfold decrease in  benzene), in term ed ia te  
fo r  e th an o l, and s l ig h t  in  powerful d ip o la r  a p ro tic  so lv en ts , in  which 
s p e c if ic  ca tio n  so lv a tio n  has already  occurred to  a la rg e  e x ten t.
This paper has been misquoted in  recen t advertisem ents fo r  commercially 
av a ilab le  crown e th e rs , which s ta te  th a t  "The a lk y la tio n  o f  a c e to a c e tic  
e s te r  eno la tes  gives le s s  O -alkylated  product in  the presence o f a 
crown e th e r  e sp e c ia lly  in  weakly p o la r  so lv e n ts '’.
Examples of the second main c la ss  o f d ip o la r  a p ro tic  so lven ts  include
acetone, dim ethylsulphoxide, N,N-dimethylformamide, N-m ethylpyrollidone
and hexamethylphosphoramd.de. These are strong  Lewis bases because th e
oxygen atom, a t  the negative end o f the  d ip o le , i s  s t e r i c a l ly  unhindered
122and h igh ly  charged, re su lt in g  in  strong  so lv a tio n  o f c a tio n s . The
p o s itiv e  end o f the d ipo le  i s  s te r ic a lly -h in d e re d  and as a Lewis ac id
is  s o f t ,  e sp e c ia lly  in  comparison w ith  th e  hydroxyl hydrogen o f methanol
fo r  in stan ce . Solvent -  eno la te  oxygen in te ra c tio n s  analogous to  hydrogen-
bonding are th e re fo re  in s ig n if ic a n t ,  so the  anions are l e f t  r e la t iv e ly
f re e . The ex ten t o f O -alky la tion  o f eno la tes has been c o r re la te d  w ith
113the Lewis b a s ic ity  o f d ip o la r  a p ro tic  so lv en ts ; i t  in c reases  in
the  s e r ie s  te trah y d ro fu ran  < acetone < 1 , 2 - dimethoxyethane < dim ethyl- 
formamide < dim ethylsulphoxide dim ethylacetamide * N -m ethylpyrollidone 
< hexamethylphosphoramide.
123Hexamethylphosphoramide (107) is  a 4p a r t ic u la r ly  good example. The 
ex istence  of four io n ic , mesomeric forms gives r i s e  to  a very high
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negative  charge on the oxygen atom, and the s te r i c  crowding and d iffu s io n
N •
o f p o s itiv e  charge around the N-P system re s u lts  in  a p a r t ic u la r ly
ft
low a f f in i ty  fo r  anions. The e f fe c t  o f the  n a tu re  o f the c a tio n  on
a lk y la tio n s  of eno lates conducted in  th is  so lv en t is  n e g lig ib le , suggesting
113th a t  io n -p a ir  d is so c ia tio n  is  v i r tu a l ly  complete, whereas in  s im ila r  
so lven ts  of lower Lewis base s tre n g th , such as dim ethylsulphoxide, the  
usual ca tio n  e f fe c t  is  observed.
Y Y
N - P = 0  -4— ► > N —P - O "  < — >■ > N = P —O"
N N N
/ \  / \  / \  etc
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I f  i t  i s  assumed th a t  fo r  a lk y la tio n s  conducted in  powerful d ip o la r ,
a p ro tic  so lven ts the  only s ig n if ic a n t  m echanistic  pathway is  a lk y la tio n
o f com pletely f re e  eno la te  anions, i t  follow s th a t  the presence o f a
crown e th e r  in  such systems would cause the  C-:O -alky la tion  r a t io
t o h e  v i r tu a l ly  independent o f which so lv en t was used. In  f a c t 's m a ll
b u t s ig n if ic a n t  d iffe ren ces  are observed, and the a b i l i ty  o f d ip o la r ,
a p ro tic  so lven ts  to  promote C -alky la tion  c o rre la te s  w ith  th e i r  a b i l i t y
to  so lv a te  "hard” anions (ch lo rid e , a c e ta te )  ra th e r .th a n  th e i r  a b i l i ty  to
promote C -a lk y la tio n  in  the  absence o f a crown e th e r . These r e s u l ts  led '
121to  the cautious suggestion  th a t  the  more e le c tro p h il ic  o f  the 
so lven ts  indulge in  weak, s p e c if ic  so lv a tio n  o f the "hard” oxygen 
cen tres o f eno la te  anions analogous, to  th e  strong  so lv a tio n  by hydrogen- 
bonding encountered in  a lcoho ls.
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(vi) P ressure
Increasing  the p ressu re  under which an a lk y la tio n  is  conducted should
r e s u l t  in  a g re a te r  ex ten t o f so lv a tio n , since  th i s  process is  normally
accompanied by an o v e ra ll decrease in  volume. P ressure may th e re fo re
influence the  C -:O -a lk y la tio n .ra tio 1 o f  eno la tes when i t  i s  s tro n g ly
d ep en d en t on the degree o f a sso c ia tio n  o f the  anion w ith  th e  so lv en t,
as when a p ro tic  so lven t is  used. This accounts fo r  the  increased  y ie ld s
o f C -a lky la tion  products obtained  from reac tio n s  of sodium phenoxide
w ith  a l ly l  ch lo ride  in  w ater o r m e t h a n o l , a n d  w ith benzyl ch lo rid e  
125in  phenol, when conducted under p ressu res  of thousands o f atmospheres.
In c o n tra s t,  the C -:O -alky la tion  r a t io s  fo r  a l ly la t io n  o f phenoxide in
1241 .2-dimethoxyethane, and e th y la tio n s  o f e thy l ace to ace ta te  or pentan-
1251.3-dione sodium s a l t s  in  dim ethylsulphoxide are u n affec ted  by 
increased  p re ssu re , in  accordance w ith  the view th a t  so lv a tio n  of 
eno la te  oxygen i s  weak in  d ip o la r  a p ro tic  so lv en ts .
(v ii)  A lky lating  Agent
The course o f  a lk y la tio n  o f  ambident anions i s  o ften  in fluenced  by the
na tu re  o f the a lk y l and leaving  groups o f the a lk y la tin g  agen t. Increasin g
the  chain  leng th  o r degree o f branching o f the  a lky l group decreases the
C -:O -alky la tion  r a t io ;  fo r  example, the  r a t io  observed in  a lk y la tio n s
of sodium e th y l ace to ace ta te  f a l l s  along the  s e r ie s  methyl > e th y l >
X 26n-propyl > N-butyl > i-b u ty l  ^  cyclopentyl • > _s-butyl > i-p ro p y l .
This e f fe c t  is  g en era lly  a t t r ib u te d  to  th e  g re a te r  s t e r i c  requirem ent 
113o f C -a lky la tion ; i t  has a lso  been po in ted  out th a t  the hardness
o f  a carbonium ion as a Lewis acid  increases in  the same w a y ," ^  so 
the  s te r i c  e f fe c t  i s  re in fo rced  by in creased  p reference fo r  th e  h ard er 
a lk y la tio n  s i t e  (oxygen). Carbonium ion hardness is  reduced by the  
presence o f a , 3 u n sa tu ra tio n , which perm its d iffu s io n  o f  the  p o s it iv e
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charge by resonance. Alkyl groups w ith a , 3 m u ltip le  bonds (fo r  instance
a l l y l ,  benzyl and propargyl) favour _C-alkylation more than the co rresp -
113onding sa tu ra te d  sp e c ie s , as would be expected.
The C-:O -alky la tion  r a t io  u su a lly  f a l l s  in  the order o f leav ing  groups 
I '  > Br" > C l ' > "0S020 R -  '0S02Ar > C1C>4" > R20.B F~ 109,112 th a t  is  
w ith  in creasin g  Lewis base hardness. This e f fe c t  is  co n s is te n t w ith 
the concept o f sym biosis; attachm ent o f a s o f t  base to  the s i t e  o f
115 127displacem ent encourages a ttack  by the s o f te r  n u c leoph ile , and so on. ’
The e f fe c t  o f  the a lk y la tin g  agent is  conveniently  summarised by the
statem ent th a t  the C-:O -alky la tion  r a t io  increases w ith i t s  S^2
..  113,128re a c t iv i ty .  9
Side reac tio n s
A com plication which sometimes a r ise s  when the compound to  be a lk y la ted
has two r e la t iv e ly  ac id ic  protons is  the occurence o f d ia lk y la tio n ; fo r
in s tan ce , both C,C- and C !,0-dialkylation o f  e th y l ace to ace ta te  in  hexa-
113methylphosphoramide have been observed. D ia lk y la tio n  is  made p o ss ib le  
by proton t ra n s fe r  from the mono-C-alkylated product to  the s ta r t in g  
eno la te  anion, so th a t  fo r  each mole of d ia lk y la ted  product formed a 
mole o f n e u tra l su b s tra te  is  re leased . The r a te  o f proton t ra n s f e r  
increases w ith the r e a c t iv i ty  of the s ta r t in g  eno la te  and may thus be 
in fluenced  by the choice of c a tio n , so lv en t and re ac tio n  c o n d itio n s ; 
the process is  re v e rs ib le , so i f  conditions are  such th a t  equ ilib riu m  
is  a tta in e d  i t  may be suppressed by using an excess of the  n e u tra l  
. su b s tra te .
A p o s s ib i l i ty  to  be considered in  a lk y la tio n s  o f a -su b s titu te d  8-keto 
' e s te rs  in  hydroxylic so lven ts is  b ase -ca ta ly sed  cleavage analogous to
the a tta c k  by hydroxide ion mentioned in  the In tro d u ctio n  (page 15)
In the case o f cy c lic  8-keto e s te rs  th is  amounts to  a rev erse  Dieckmann
re a c tio n ; in  the presence o f a sm all excess o f base i t  becomes the
predominant, re a c tio n  pathway. Thus high y ie ld s  o f s u b s ti tu te d  ad ip ic
129e s te rs  108 have been obtained by the process shown in  Scheme 5.
Scheme 5
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R = C,H2* *5
o v e ra ll y ie ld : R’Hal = CH3I ,  89%;
R'Hal = CH2=CH-CH2Br, 80%
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In the R esults sec tio n  follow ing th is  d iscu ssio n , a lk y la tio n s  o f the 
sodium eno la te  o f the 4-carbethoxythiolan-3-one 34 w ith e th y l 7-bromo- 
heptanoate w il l  be described . As the r e a c t iv i ty  of long-chain  a lk y l 
h a lid es  is  no t p a r t ic u la r ly  high i t  was d e s irab le  to  use a p o la r  so lv en t. 
The d es ired  product 35 would r e s u l t  from a lk y l a t  ion , which should be 
favoured by the Use o f a p ro tic  so lv en t such as methanol. However, the 
r is k  o f lo ss  o f the desired  product _35, i f  no t 34 i t s e l f ,  by th e  cleavage 
process mentioned above was considered to  be h igh , in  view o f the 
d i f f i c u l t i e s  experienced in  the p rep ara tio n  o f 34 by Dieckmann c y c lisa tio n . 
I t  was th e re fo re  decided to  use a d ip o la r  ap ro tic  so lv en t; 1 ,2-dim eth- 
oxyethane was chosen i n i t i a l l y  s in ce  i t  l i e s  e a rly  in  the  s e r ie s  of 
decreasing  C -:O -alky la tion  r a t io .
c o 2c 2 h 5
o c o c h 3
c o 2c 2 h 5
N c o 2c 2 h 5
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A re p o rt describ ing  a study o f the e th y la tio n  o f e thy l ace to a ce ta te
130eno la te  in  the same so lv en t subsequently appeared. Several d i f f e r e n t  
ca tio n s and leav ing  groups were t r ie d .  For the,m ost p a r t  the  t - : 0 -  
a lk y la tio n  r a t io  followed the usual tre n d s , decreasing in  the  s e r ie s  
L i+ > Na+ > K+ > Cs+ > (n-C4Hg) 4N+ and i"  > Br" > SO.2" > £-(H 3C6H4S02Cf. 
The exceptions were a lk y la tio n s  o f the  lith iu m  eno la te  w ith  e th y l 
£ - to lu e n e s u lp h o n a t e  and d ie th y l su lp h a te , when the r a t io  came between 
those o f the potassium  and caesium en o la te s ; i t  was suggested th a t  
the  departu re  o f  the leaving group in  these  cases was su b jec t to  
e le c tro p h il ic  a ss is tan c e  by the  lith iu m  ca tio n . With e th y l bromide or 
iod ide , the lith iu m , sodium and potassium  eno la tes were predom inantly 
C -alky lated , the  C:0 r a t io s  ranging from 41:1 to  values g re a te r  than  
100: 1 . .
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o88 R CH3 109
89 R = C 2 H5
More re c e n tly , reac tio n s  o f a lk y l h a lid es  w ith  2-carbethoxycyclopentanone
(89) and potassium  carbonate in  re flu x in g  acetone have been shorn to
131give good y ie ld s  of C -alky lated  products. In the  p ro stag lan d in
f ie ld ,  the method has been app lied  to .th e  p rep ara tio n  o f d ie s te r  109
by a lk y la tio n  of 2-carbomethoxycyclopentanone (88) w ith  methyl 7-bromo- 
132heptanoate.
A lkylation  of Thallium (I) Enolates 
51A re p o rt th a t  the  reac tio n s  of th a lliu m (I)  eno la tes o f |3"dicarbonyl 
compounds w ith  a lk y l iod ides give mono-C-alkylated products q u a n ti ta t iv e ly  
prompted a study o f such re a c tio n s , w ith  a view to  applying the  method 
to  the  a lk y la tio n  s tag e  in  Scheme 1. Of p a r t ic u la r  relevence were th e  
re s u l ts  rep o rted  fo r  2-carbethoxycyclopentanone (89) from which th e  
2 -a lk y la ted  products 110 were obtained w ith  m ethyl, e th y l and isopropyl 
iodides in  100, 100 and 961 y ie ld s  re sp e c tiv e ly . The reac tio n s  were 
conducted by re flu x in g  the  tha llium  eno la tes w ith  an excess o f th e  
a lk y l iod ide , w ithout added so lv en t, thus maximising the  degree o f 
he terogeneity  and the  concen tra tion  o f the  a lk y la tin g  agent. H etero­
geneous conditions were sa id  to  be e s s e n tia l  fo r  s p e c i f ic i ty .  The 
s tru c tu re  o f a rep re se n ta tiv e  th a lliu m (I)  en o la te , th a t  o f  pentan-
1 ,3-d ione, was determined by X-ray c ry sta llo g rap h y ; i t  i s  a polym eric 
chain in  which ch e la te  u n its  111 are jo ined  by thallium -oxygen lin k ag es ,
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the m etal atoms being te tra c o o rd in a te . The u n its  are arranged w ith  the  
carbon backbones on the su rface  of the  c ry s ta l ,  and i t  was suggested 
th a t  the eno la te  oxygen atoms might th e re fo re  be com pletely sh ie lded  
from the approach o f an a lk y la tin g  agent.
o R
—+ - c o 2 c 2 h 5
110
R - CH3 f C2 H 5 or 
( c h 3) 2c h
Since the  o r ig in a l re p o r t, some doubts as to  the  g e n e ra lity  o f the
133method have a r ise n . Hooz and Smith observed s u b s ta n tia l O -a lk y la tio n  
o f a B-keto sulphoxide (which would be expected to  mimic the behaviour 
o f B -d iketones), even though i t s  th a lliu m  s a l t  was c r y s ta l l in e ,  lead ing  
them to  rep eat some o f the o r ig in a l  a lk y la tio n s  o f ace ty lacetone and 
e th y l a ce to ace ta te . In  c o n tra s t to  the  e a r l i e r  r e s u l t s ,  they obtained  
O -alky la tion  side-p roducts using  e th y l and isopropyl iod ides (p a r t ic u la r ly  
the  l a t t e r ) ,  and C ,£-di a lky l a t  ion w ith  methyl and e th y l io d id es .
In the f ie ld  of sulphur h e te ro cy c les , the m ethylations o f 3 - th io le n e -  
2-one ( 1 1 2 ) whose anion 115 is  t r id e n ta te ,  and o f the  3- and 5- 
methyl d e riv a tiv e s  (113 and 114 134,133  reSpec-tj_ve]_yj have been 
in v e s tig a ted ; a l l  form c ry s ta l l in e  th a lliu m (I)  en o la te s . With methyl 
io d id e , the  predominant re a c tio n  was C -a lky la tion  a t p o s it io n  3, 
accompanied by O -alky la tion  and 3 ,5 -d ia lk y la tio n . M ono-C-alkylation a t  
p o s itio n  5 was only s ig n if ic a n t  fo r  the  3-methyl compound 113. In  the  
case o f 112 3 ,3 -d ia lk y la tio n  and 3 ,3 ,5 - tr ia lk y la t io n  occurred to  a
small ex ten t (each 1% o f  t o ta l  p roducts).
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In c o n tra s t to  the  r e s u l ts  obtained  w ith  methyl io d id e , a lk y la tio n  o f
the  th a lliu m (I)  eno la te  o f 5-m ethyl-3-th io lene-2-one (115) w ith  dim ethyl
135su lphate  gave the O -alkylated  product 116 almost ex c lu s iv e ly . The 
same e f fe c t  was observed in  m ethylations o f the  tetrabutylammonium en o la te
1 \^f\by the io n -p a ir  e x tra c tio n  method in  chloroform - w ater, and the
137sodium enolate  in  d ie th y l e th e r  - e th an o l, in d ic a tin g  th a t  the  
p re fe rred  p o s itio n  o f a lk y la tio n  depended more on the n a tu re  o f the 
a lk y la tin g  agent than the ca tio n .
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In  heterogeneous a lk y la tio n s  o f c ry s ta l l in e  th a lliu m (I)  eno la tes o f
fiv e -an d  six-membered cy c lic  3 -d iketones, O -alky la tion  g en era lly
1 38 1 39predom inates, o ften  to  the  exclusion o f C -a lky la tion . ’ These
re s u l ts  are compatible w ith  the hypothesis th a t  exclusive C -a lk y la tio n  o f
the th a lliu m  s a l t s  of acy c lic  3-dicarbonyl compounds is  a consequence
o f th e i r  c ry s ta l  s tru c tu re ;  th is  must be d if f e re n t  in  th e  c y c lic  cases
s in ce  ch e la te  form ation is  ru led  out geom etrica lly . In a d d itio n , the
p o te n tia l  £ -a lk y la tio n  s i t e  i s  sh ie ld ed  by the  r in g  methylene groups,
ra th e r  than exposed on the  c ry s ta l  su rface . S ig n if ic a n t le v e ls  o f
m ono-C-alkylation o f th a lliu m (I)  eno lates o f f iv e -  and six-membered
c y c lic  3-diketones have only been obtained using  a lk y la tin g  agents
139whose n a tu re  favours C -a lk y la tio n , such as methyl io d id e , a l ly l
and benzyl b r o m id e s ,3 - c h lo ro -3 ,3 -d im e th y lp ro p y n e ," ^  and methyl
1427-iodohept-5-ynoate.
RESULTS
A lkylations of the  th a lliu m (I)  eno la te  derived  from 2-carbethoxycyclo­
pentanone (89) w ith  benzyl bromide and e th y l 7 -iodoheptanoate were 
performed to  gain experience of the  method and fo r  comparison w ith  
a lk y la tio n s  o f carbalkoxyth io lanones. The en o la te , a w hite s o lid  
m.p. 136°, was ra p id ly  p re c ip ita te d  on ad d itio n  o f th a lliu m (I)  
ethoxide to  a so lu tio n  o f 2-carbethoxycyclopentanone in  petroleum  
e th e r . A fte r g en tle  h ea tin g  overn ight w ith  an excess o f benzyl bromide, 
removal o f th a lliu m (I)  bromide by f i l t r a t i o n  and d i s t i l l a t i o n  o f the  
f i l t r a t e ,  the  £ -benzy la tion  product 117 was obtained in  92% y ie ld .
I t s  in f ra - re d  spectrum had bands a t  1753 and 1728 cm  ^ due to  th e  
carbonyl groups o f th e  3-keto e s te r  system, and none in  th e  1720 - 
1600 cm  ^ reg ion , as would be expected fo r  an O -a lky la tion  p roduct.
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The a lk y la tio n  w ith e th y l 7-iodoheptanoate was conducted in  the  same 
way; i t  a lso  re su lte d  in  exclusive C -a lk y la tio n , the product 118 
being obtained in  41% y ie ld .  The low y ie ld  value was la rg e ly  due to  
lo ss  on d i s t i l l a t i o n .
99 95Model a lk y la tio n s  o f carbalkoxythiolanones 119, and 90 w ith
benzyl bromide were performed to  asess the s u i t a b i l i ty  o f the method 
fo r  the a lk y la tio n  s tag e  o f Scheme 1.
§5 119 R = C 02C2H5
9Q R - n ■ C 3 H]
No p re c ip i ta te  was formed on ad d itio n  o f th a lliu m (I) ethoxide to  a 
benzene so lu tio n  o f j85, b u t a grey s o lid  was obtained on removal o f the  
so lv en t. The s o lid  was heated w ith benzyl bromide; g a s - liq u id  
chromatography of the re ac tio n  m ixture in d ica ted  the  form ation o f a 
s in g le  product, which was p re c ip ita te d  on ad d itio n  o f  d ie th y l e th e r .
I t  was iso la te d  in  23% y ie ld  by r e c ry s ta l l i s a t io n ,  as a w hite s o lid
m.p. 168-169°. Elemental an a ly sis  was c o rre c t fo r  a monobenzylation 
product; the in f ra - re d  spectrum showed i t  to  be an O -alky la tion  
p roduct, the  only bands in  the  1800 -  1600 cm  ^ reg ion  being a t  1637 
cm  ^ (che la ted , a , 3-u n sa tu ra ted  C=0 ) and 1605 cm ^ (C=C). This 
view was supported by the  proton n u clear magnetic resonance spectrum: 
the benzyl methylene s in g le t  appeared a t  t 5.88 showing th a t  i t  was 
a ttached  to  oxygen. However, the expected s tru c tu re  120 was ru le d  out 
by the  s ig n a ls  fo r  the r in g  methylene groups, which were complex 
m u ltip le ts  cen tred  approximately a t  t 6.9 and 7.85, c h a ra c te r is t ic  
o f ad jacen t methylenes in  a r ig id  system. These s ig n a ls  were accounted 
fo r  by assign ing  s tru c tu re  121 to  th e  product, implying th a t  the 
s ta r t in g  3-keto e s te r  85 had been s u b s ta n tia lly  contaminated w ith  i t s  
2-carbomethoxy isomer ^6 . T itra t io n  o f a sample o f the  s ta r t in g  m a te ria l 
ag a in s t f e r r ic  ch lo ride  revealed  th a t  the 2-carbomethoxy isomer was 
in  f a c t  the major component (73%). Considering the  f a i lu r e  o f  th e  
th a lliu m (I)  eno la te  to  p re c ip i ta te  in  th is  in s tan ce , i t  was possib le , 
th a t  the O -alky la tion  had been f a c i l i t a t e d  by incomplete h e te ro g en e ity .
The th a lliu m (I)  eno la te  o f 4 ,5 -d icarbethoxyth io lan-3-one was prepared 
by ad d itio n  of sa tu ra te d  e th an o lic  th a lliu m (I)  ethoxide to  an ethanol 
so lu tio n  o f 4 ,5 -d icarbethoxy th io lan -3 -one (119; a sample gave a permanent 
red  co lo u ra tio n  w ith  a drop o f f e r r i c  c h lo r id e ) , conditions rep o rted
D espite the high d i lu t io n  involved, th e  eno la te  so obtained  was a 
dark, viscous o i l .  The eno la te  was tre a te d  w ith  benzyl bromide a t  
room tem perature, e th e r  was added, th a lliu m (I)  bromide was f i l t e r e d  
o f f ,  and the f i l t r a t e  was d i s t i l l e d  g iv ing  an o ily  product in  40% y ie ld .
I t s  in f ra - re d  spectrum had a band fo r  a five-membered rin g  ketone a t 
1768 cm \  and poorly  reso lved  e s te r  carbonyl bands a t  1740 and 1722 cm 
th e re  was no in d ic a tio n  o f the presence o f an O -a lky la tion  product in  th e  
1700 -  1600 cm ^ reg ion . G as-liqu id  chromatography showed th e  presence 
of th ree  components in  the product, in  approximate r a t io  10:40:50 
( re la t iv e  peak a re a s ) . The main components had s im ila r  re te n tio n  tim es; 
the  minor component was e lu ted  much e a r l i e r .  The re te n tio n  time o f 
the l a t t e r  was s l ig h t ly  g re a te r  than th a t  o f au th en tic  d ie th y l 2- 
(carbom ethoxym ethylthio)succinate 122, so i t  was probably th e  corresponding 
t r i e th y l  e s te r  123, formed by ring-opening o f the  s ta r t in g  3-keto  
e s te r  119 on a tta c k  by e th an o lic  th a lliu m (I)  ethoxide.
to  be e f fe c tiv e  fo r  the  p rep ara tio n  of th a lliu m (I)  s a l t s  o f p u rin es.
s  c o 2c 2 h 5
122 R  = C H 3
123 R  = C 2 H 5
Treatment o f a benzene so lu tio n  o f 4-carbethoxy-j5 -p ropy lth io lan -3 -one
(90, prepared  by method D described  in  the sec tio n  on Dieckmann c y c lis a tio n s )
w ith  th a lliu m (I)  ethoxide gave the eno la te  as a dark green p re c ip i ta te
in  te trah y d ro fu ran . F i l t r a t io n  and d i s t i l l a t i o n  o f the  f i l t r a t e  gave 
an o ily  p roduct, shown by g a s -liq u id  chromatography to  con tain  
approxim ately equal amounts o f  two components, in  101 o v e ra ll y ie ld .
The d isappo in ting  r e s u l ts  obtained from the benzylations o f model 
th a lliu m (I)  eno la tes  in d ic a ted  th a t  th e  advantages of tliallium CI) 
as ca tio n  in  a lk y la tio n s  o f 2-carbalkoxycyclopentanone eno la tes  d id  
n o t extend to  those  o f carbalkoxythio lanones. I t  was th e re fo re  
decided to  employ an a lk a l i  m etal ca tio n  fo r  the a lk y la tio n  s tag e  
o f Scheme 1, th a t  i s  the  conversion o f th io lanone 34 to  th e  C -a lky la ted  
d e r iv a tiv e  35.
For the  f i r s t  attem pt to  prepare 35^ the sodium eno la te  o f 34 was 
tre a te d  w ith  one equ ivalen t o f e th y l 7-bromoheptanoate in  1 ,2-dimethoxy- 
ethane (the reasons fo r  th is  choice o f so lven t are mentioned on page 57).
The eno la te  was generated  by t re a t in g  34 (prepared by Dieckmann 
c y c lis a tio n  o f d ie th y l e s te r  33 w ith  sodium hydride: Table 3, run 14)
w ith  sodium hydride. The progress of the  a lk y la tio n  was follow ed by 
m onitoring the consumption o f the b.romoheptanoate by g a s - l iq u id  chromatography. 
Heating was found to  be necessary , and the rea c tio n  was slow even a t  
re f lu x  tem perature. A fte r  90h a t 70-SO0 consumption o f th e  bromide
m.p. 150-160°, in  10% y ie ld . The s o lid  was re flu x ed  w ith  benzyl bromide
O C O G H O C O C H
C 0 9C 9 H
34 35
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had v i r tu a l ly  ceased; the  re a c tio n  was worked-up by treatm ent w ith
w ater and d ie th y l e th e r . Unchanged $-keto e s te r  34 ( id e n tif ie d  by
i t s  in f ra - re d  spectrum and g a s - liq u id  chromatographic behaviour) was
recovered in  25% y ie ld  by ac id ify in g  the aqueous phase to  pH 6 w ith
phosphate b u ffe r . D is t i l la t io n  o f the  e th e r e x tra c t gave unchanged
e th y l 7-bromoheptanoate (30% recovery) and a lk y la tio n  product in  24%
y ie ld  (ca lcu la ted  on the  m olecular weight of 35). The in f ra - re d  spectrum
of the product included a s tro n g , broad band a t  1735 cm \  and weak
-1bands a t 1662 and 1620 cm . Although the weak bands were in  the  reg ion  
d iag n o stic  o f an O -alky la tion  product, i t  was more l ik e ly  th a t  they 
were due to  the  presence o f a tra c e  o f the  enol tautom er o f 34. In 
any even t, i t  was apparent from the absence o f  s trong  bands in  th is  
region th a t  O -alky la tion  was no t a major re a c tio n  pa th . G as-liqu id  
chromatographic an a ly sis  o f the a lk y la tio n  product in d ica ted  th e  presence 
o f a small amount o f e th y l 7-bromoheptanoate and two le ss  v o la t i le  
components in  approximate r a t io  80:20 ( re la t iv e  peak areas) in  favour 
o f the  f i r s t  to  e lu te .
In a second attem pt to  prepare S5 the so lv en t was changed to  diglyme 
(d ie thy lene g lycol dimethyl e th e r ) .  Compared to  1 ,2-dimethoxyethane, 
diglyme should provide s tro n g er s p e c if ic  ca tio n  so lv a tio n , s in ce  i t  
has th ree  e th e r  linkages in s tead  of two; th is  would enhance th e  
r e a c t iv i ty  o f the eno la te  anion. Diglyme is  a lso  h ig h e r-b o ilin g  than
1 ,2 -dim ethoxyethane, perm ittin g  the  use of h igher re a c tio n  tem peratures.
I t  was hoped th a t  these p ro p e rtie s  would enable the  re a c tio n  to  be
taken to  completion. The sodium eno la te  fo r  th is  run was prepared  in  th e
same manner as the previous experim ent, using 34 from run 16 o f Table 3.
A fte r 24 hours re ac tio n  w ith  e th y l 7-bromoheptanoate a t  45-65°, gas-
l iq u id  chromatographic an a ly sis  of the  a lk y la tio n  m ixture in d ic a ted
the  form ation of products s im ila r  to  those obtained  in  1,2-dim e thoxyethane.
Consumption of the  bromide was incom plete, so the tem perature was
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ra ise d  to  70-80 - f o r  24 hours; two ad d itio n a l products o f longer re te n tio n  
time were d e tec ted . Another 24 hours a t  80-90° increased  the amount o f 
th e  products s l ig h t ly  w ithout a l te r in g  th e i r  r a t io .  Some e th y l 7-
bromoheptanoate s t i l l  remained; i t  was no t a ffec ted  by hea ting  the  m ixture
to  100-120° fo r  160 hours. Hie re ac tio n  was worked-up by pouring in to  
w ater, e x tra c tio n  w ith  e th e r , and d i s t i l l a t i o n  of the  e th e r  e x tra c t .
The product f ra c tio n  (26V y ie ld ) was a r b i t r a r i ly  subdivided in to  th re e  
p o rtio n s  o f d if f e re n t  b o ilin g  range. These gave s im ila r  in f ra - re d  sp e c tra ,
each having a  s tro n g , broad band a t 1735 cm 1 and no in d ic a tio n  o f  0-
a lk y la tio n . G as-liqu id  chromatography showed th a t 'th e  four components 
d e tec ted  in  the course of th e  re a c tio n  were p resen t in  approximate o v e ra ll 
r a t io  60:15:10:15 in  o rder of re te n tio n  tim e, the  p ro p o rtio n  o f the more 
s tro n g ly  adsorbed components being g re a te s t  in  the  p o rtio n  o f h ig h est 
b o ilin g  range. The lo w est-b o ilin g  p o rtio n  was apparen tly  a f a i r l y  good 
sample o f the main component; i t  contained small amounts, (5-10%) o f th e  
second component and e thy l 7-bromoheptanoate, and only tra c e s  o f th e  two le a s t  
v o la t i le  components. The proton nuclear magnetic resonance spectrum o f th is  
p o rtio n  provided some evidence th a t  th e  main component was th e  d es ired  
product 35. I t  had f iv e  s ig n a ls  assigned to  the carbethoxyheptyl 
s id e-ch a in : a quadruplet a t  t 5.93 (CC^CR^Ciy, a broad s in g le t  
a t  t 8.6 ( (C iy ^ )  , and t r i p l e t s  a t  t 8.80 (C C ^G ^G y , 7.75 (CH2C02C2H^) 
and 7.41 (012(012^5^2^2^5^* ^ ie c^emi cal  s h i f t  of th is  l a s t  s ig n a l con- 
flim ed th a t  a lk y la tio n  had no t occurred a t  oxygen, fo r  i f  i t  had, 
th is  t r i p l e t  would have been a t  about t 6 .6 , and the t r i p l e t  s p l i t t i n g  
confirmed the attachm ent of th is  end-of-chain  methylene to  a f u l ly  
su b s ti tu te d  carbon atom, th e re  being a methylene group on i t s  o th e r 
s id e . The s ig n a ls  due to  the  carbethoxy group d ire c t ly  a ttach ed  to  
th e  r in g  (a t r i p l e t  a t  t 8.76 and a quadruplet a t  t 5.86) were le s s  
in ten se  (by about 3Q%) than those o f the  s id e -ch a in  carbethoxy group.
The methylene group o f the  th io lanone r in g  gave a s in g le t  a t  t  6 .86 ,
and th ere  was a sm aller s in g le t  nearby (t 6.72) due to  an im purity . The 
combined in teg ra te d  in te n s ity  over these two s ig n a ls  was equal to  th a t 
over e i th e r  o f the methylene s ig n a ls  a t  t 7.75 and 7.41, and the r a t io  
between them was about 7:4.
The t r i p l e t  due to  the r in g  methine p ro ton , a t  t 6 .38, had h a lf  the 
combined in te n s i ty  of the SQL, s ig n a ls . I t  was th e re fo re  apparent 
th a t  the im purity had the  r in g  and long s id e -ch a in  o f 35, bu t lacked 
the  carbethoxy group d i r e c t ly  a ttached  to  the  r in g . The in te n s i ty  
of the a c e ta te  methyl s ig n a l (t 8) was low by about 30%, being roughly 
equal to  the combined in te n s i t ie s  of the two SCP  ^ s ig n a ls .
c o 2c 2 h 5
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A p o ssib le  s tru c tu re  fo r  the im purity would.be lac tone 124, s in ce  i t s  
presence in  about 30% concen tra tion  would account fo r  the  above d a ta .
This explanation  req u ires  th a t  the  methylene protons o f th e  th io lanone 
rin g  o f 124 be acc id en ta lly  eq u iv a len t, s ince  th is  group would have l i t t l e  
ro ta tio n a l  freedom and would th e re fo re  be expected to  give r i s e  to  
an AB q u a r te t . I t  should be noted th a t  the a c e ta te  methyl s ig n a l 
comprised'two s in g le ts  (t 7.98 and 8 .01 ), in  approximate r a t io  3 :2 .
This e f fe c t  could have been due to  the presence of two geom etric isomers 
of S5, d if fe r in g  in  the d isp o s itio n s  o f the  r in g  s u b s ti tu e n ts ;  a l t e r ­
n a tiv e ly , the  sm aller s in g le t  could have been due to  the  approximately 
30% im purity , i f  i t  were decarboxylation product 125 in s tead  o f lac tone  
124. The l a t t e r  exp lanation  cannot account fo r  the o v e ra ll in te n s i ty  
o f the ac e ta te  methyl s ig n a l and the m u lt ip l ic i ty  o f th e  end-of-^cliain 
methylene s ig n a l a t  x 7.41 however. The methylene s ig n a l fo r  the  a c e t-  
oxymethyl s u b s titu e n t was completely hidden by the  e s te r  methylene 
q u a r te ts .
Support fo r  the  presence o f lac tone  124 was supplied  by th e  in f ra - re d  
spectrum, which had a weak band a t  1780 cm \
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CONCLUDING REMARKS
In comparison w ith  known carbalkoxyth io lanones, includ ing  model compound 
90, in term ed iate  34 was n e ith e r  e a s ily  nor e f f ic ie n t ly  "prepared v ia  
Michael ad d itio n  o f th io g ly c o lla te  to  an a , 8-u n sa tu ra ted  e s te r  and 
Dieckmann c y c lis a tio n  o f the re s u lt in g  d ie s te r .  Both s tep s  req u ired  
fo rc ing  co n d itio n s, e sp e c ia lly  the  Michael ad d itio n . Attempts to  
perform the two s tep s  in  one p rep a ra tiv e  s tage  led  to  m ixtures con tain ing  
Michael adduct and c y c lis a tio n  product, from which the  l a t t e r  could 
no t be s a t i s f a c to r i ly  separated . D is t i l la t io n  was in e f fe c t iv e ,  
is o la t io n  of 34 v ia  i t s  copper(II) ch e la te  led  to  a poor recovery 
r a te ,  and sep a ra tio n  by v ir tu e  o f  i t s  a c id ity  was hampered by i t s  
s e n s i t iv i ty  to  aqueous a lk a l i .  The Michael ad d itio n  th e re fo re  had 
to  be performed as a sep ara te  s tag e ; i t s  y ie ld  was lim ite d , probably 
because the  fo rc ing  conditions th a t  were requ ired  (one eq u iva len t o f 
a powerful base) encouraged s id e -re a c tio n s . The Dieckmann c y c lis a tio n  
was a lso  com plicated by s id e - re a c tio n s , includ ing  re tro -M ichael re a c tio n  
o f the  p recu rso r and a tta c k  by ethoxide on the acetoxymethyl group, 
which were dem onstrated by th e  id e n t i f ic a t io n  o f th e i r  products e th y l 
th io g ly c o lla te  and e th y l a c e ta te . The a tta c k  o f ethoxide on 34 could 
be followed by form ation o f lac tone  98:
CH
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The problem o f n u c leo p h ilic  a tta c k  by ethoxide during the  Dieckmann 
c y c lis a tio n  was p a r t ia l ly  a lle v ia te d  by the  use o f sodium hydride as 
the condensing base. In ad d itio n  to  i t s  low n u c le o p h ilic ity , th i s  
base o ffe red  the advantage o f removal o f ethanol w ithout recourse to  
d i s t i l l a t i o n ,  ;so the r in g -c lo su re  could be forced  to  com pletion a t 
lower tem peratures. No fu r th e r  improvement re su lte d  from changing th e  
Dieckmann p recu rso r to  mixed e s te r  £6 , whose c y c lis a tio n  to  34 would 
re le a se  t e r t -butoxide as opposed to  e thox ide .- The reasons fo r  th is  
f a i lu r e  were apparen tly  th a t  more vigorous conditions were n ecessary , 
encouraging s id e -re a c tio n s , and th a t  c y c lis a tio n  occurred p a r t ly  in  the  
wrong d ire c tio n , so th a t  some ethoxide was s t i l l  formed.
The a b i l i ty  of the  th a lliu m (I)  ca tio n  to  promote exclusive £ -a lk y la tio n
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o f 2-carbethoxycyclopentanone did not extend to  the carbalkoxythiolanones 
s tu d ied . Their th a lliu m (I)  eno la tes were no t formed as w ell-d e fin ed  
c r y s ta l l in e  m a te r ia ls , and indeed were no t always s o lid s . Attempted 
a lk y la tio n s  o f 4-carbalkoxythio lan-3-ones led  to  m ixtures o f products.
2-Carbomethoxythiolan-3-one was O -alky lated , d esp ite  the use o f  benzyl 
bromide, an a lk y la tin g  agent known to  promote C -a lky la tion .
The a lk y la tio n  of the sodium eno la te  o f  3-keto e s te r  34 w ith  e th y l 
7-bromoheptanoate in  po ly e th er so lven ts  gave m ixtures of p ro d u c ts , 
in  which the d esired  C -alky lated  compound 35^  predominated. There were 
in d ica tio n s  th a t  0 -a lk y la tio n  was n e g lig ib le ;  however, n u c leo p h ilic  
a tta c k  on th e  acetoxymethyl group analogous to  th a t  observed in  th e  
Dieckmann rea c tio n  was suspected to  have occurred under th e  b a s ic  
conditions employed, re su lt in g  in  the form ation o f lac tone  -124. The 
a lk y la tio n  re ac tio n  was slow, , and d id  not give a good y ie ld  of 35^ , 
so th e re  was a need to  f in d  b e t te r  re a c tio n  co n d itio n s, p a r t ic u la r ly  
in  re sp ec t of the so lv en t; a lso , th e  use of. e th y l 7-iodoheptanoate 
as a lk y la tin g  agent would be expected to  improve the  re a c tio n  r a te .
The low y ie ld s  o f the  previous stages lead ing  to  3 -k e to  e s te r  34 
posed the  problem o f the supply o f th is  m a te r ia l fo r  a study o f i t s  
a lk y la tio n . Further work on model compounds would be o f lim ite d  
value in  view o f the s e n s i t iv i ty  o f  the  acetoxymethyl group.
In summary, th e re  seemed l i t t l e  hope o f making ro u tin e  use o f th e  
sy n th e tic  ro u te  proposed in  Scheme 1 because o f the  low e f f ic ie n c y  
o f th re e  ea r ly  s ta g e s : the Michael ad d itio n  o f e thy l th io g ly c o lla te
to  e th y l 4-acetoxycrotonate (32_ 33), the  Dieckmann c y c lis a tio n
o f the Michael adduct (33 34), and the  a lk y la tio n  o f th e  Dieckmann
c y c lisa tio n  product (34 _35) .  A co n trib u tin g  reason fo r  th is  in e f f ­
ic iency  seemed to  be the s e n s i t iv i ty  o f th e  h e te ro c y c lic  system 
to  the reac tio n  co n d itio n s, a problem th a t  seemed l ik e ly  to  apply
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to  l a t e r  s tages in  the sy n th es is .
During the  period  in  which the work on the  f i r s t  approach was conducted, 
rep o rts  appeared in  the  l i t e r a tu r e  o f  the  u t i l i t y  o f 1 ,4-conjugate 
ad d itio n  reac tio n s  o f lith iu m  alkenylcopper(I) reagents ^7,68 
th e i r  a p p lic a tio n  to  p ro stag lan d in  s y n th e s is .^  The second approach 
described  here was then devised and in v es tig a ted .
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THE SECOND.APPROACH
PREPARATION OF THIAN-3,5-DIONE
DISCUSSION
144Fehnel and Paul prepared th ian -3 ,5 -d io n e  (46) by the  in tram olecu lar 
C laisen rea c tio n  o f  sulphide 126. The C laisen re a c tio n , a general method 
fo r the  p rep ara tio n  o f g -d ike tones, involves th e  a c y la tio n  o f a ketone 
by an e s te r  under b as ic  co n d itio n s. The processes involved in  the  r in g -  
c lo su re  o f 126 are shorn in  Scheme 6.
Scheme 6
CH,0,C CH, 0 base
__ ^
^ —
126
^  CH3o + C H ,0
46
+ CH3OH
127
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As in  the  Dieckmann condensation, the d riv ing  force of the Cl a isen  
re a c tio n  is  the  form ation of the eno late  anion o f the  product (127 
in  the case o f th ia n -3 ,5 -d io n e ) . In p r in c ip le ,  th e  eno la te  can be 
separa ted  from n e u tra l m a te ria ls  such as unconverted keto e s te r  i f  the  
re ac tio n  m ixture is  worked-up by treatm ent w ith w ater; the 3-d iketone 
is  subsequently  l ib e ra te d  by a c id if ic a t io n  o f the aqueous phase. 
C yclohexan-l,3-diones can be cleaved by aqueous a lk a l i ,  the products 
being 6-keto  ac id s , bu t prolonged h ea tin g  is  u su a lly  necessa iy ,'* '^  
so cleavage should no t be s ig n if ic a n t  during work-up o f  C laisen  products 
by the method o u tlin ed  above.
Fehnel and Paul conducted the C laisen re a c tio n  o f 126 in  benzene
a t  6°, using sodium methoxide as base. Other ap p lica tio n s  o f th e
C laisen re a c tio n  to  the p rep ara tio n  of six-membered c y c lic  .3-diketones
146rep o rted  in  the l i t e r a tu r e  include the rin g -c lo su res  128 129,
147 14ft130 -*■ 131, and 132 133. In  the l a t t e r  example, the  re a c tio n
was worked-up by pouring in to  w ater and subsequent a c id if ic a t io n  o f
the aqueous phase.
CH
CH
KOl Bu 
— ►
CH.
132 133
The enol tautomers o f c y c lic  $-diketones (fo r  example 134) a re  i n t r ­
in s ic a l ly  le s s  s ta b le  than the  keto foims (155), in  c o n tra s t to  ac y c lic
3-d ike tones, whose enols are  s ta b i l i s e d  by in tram olecu lar hydrogen- 
bonding. N evertheless, in  the  presence o f hydrogen-bond accep tors th e  
enol content of cy c lic  3-diketones can be very h igh , s in ce  in  comparison 
w ith  the  acy c lic  compounds they lo se  l i t t l e  ro ta tio n a l  freedom on 
e n o lisa tio n . In a 's tu d y  of cyclohexan-l,3 -d ione and i t s  5,5-dim ethyl 
d e r iv a tiv e  (dimedone), Yogev and Mazur showed th a t  in  d i lu te  
chloroform and cyclohexane so lu tio n s  th e  ex ten t o f e n o lisa tio n  i s  low, 
bu t r is e s  w ith  in creasin g  concen tra tion  as hydrogen-bonding between 
enol molecules comes more in to  p lay , dim eric forms predom inating.
For so lu tio n s  in  ’’n u c leo p h ilic1’ so lven ts  (good hydrogen-bond accep tors) 
such as d ie th y l e th e r , acetone, N,N-dimethylformamide and dim ethyl- 
sulphoxide, the ex ten t o f  e n o lisa tio n  is  very high and v i r tu a l ly  in ­
dependent o f concen tra tion . The u l t r a - v io le t  sp e c tra  o f such so lu tio n s  
are  very s im ila r  to  those o f  th e  corresponding a lk y l enol e th e rs  (136),
having an in ten se  tt-mt* absorp tion  a t  about 245nm, loge ca 4. This
150s im ila r i ty  a lso  extends to  ethanol so lu tio n s .
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134 R - H 135 137
136 R = alkyl
Cyclic 3-diketones possessing  alpha hydrogen atoms are a c id ic , w ith
acid  d is so c ia tio n  constan ts approaching th a t  of a c e tic  acid ; th e  enol
150 151forms are vinylogues o f carboxylic  ac id s . In b as ic  media, ’ 
and a t  high d i l u t i o n s , t h e  tt-mt* absorp tion  maxima o f cyclohexan-
1,3-diones are  s h if te d  to  h igher wavelength ( ty p ic a lly  28Qnm).
S pectra run a t  a v a r ie ty  o f pH values show a w e ll-d e fin ed  is o s b e s tic  
p o in t between the two extremes; the  high-wavelength absorp tion  is  
a t tr ib u te d  to  the eno la te  anien (137)«
144Fehnel and Paul rep o rted  th a t  the -u ltra -v io le t  sp ec tro scop ic  behaviour 
o f th ian -3 ,5 -d io n e  is  very s im ila r  to  th a t  o f cyclohexan -l,3 -d iones.
In e th an o lic  hydrogen ch lo ride  th ian -3 ,5 -d io n e  gives a spectrum 
s im ila r  to  th a t  o f  i t s  methyl enol e th e r  & max 251nm, loge 4 .0 6 ); 
in  e th an o lic  sodium ethoxide the absorp tion  maximum is  s h if te d  to  
280nm. lh ian -3 ,5 -d io n e  (pK 4.34) i s  a s l ig h t ly  s tro n g er ac id  than
cl
a c e tic  ac id  (pK 4 .76).a
The in f ra - re d  sp e c tra  o f  c y c lic  3-diketones may include bands due to  
both keto and enol tautom ers. For in s tan ce , the  b ic y c lic  compound 
131 gives a s p l i t  carbonyl band a t  1700 cm ^ c h a r a c te r is t ic  o f 
a 3 -d ike tone , and a broad band a t  1630 cm  ^ due to  th e  enol forms.
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The p recu rso r o f th ian -3 ,5 -d io n e , the sulphide 126, was prepared 
using  the method o f Eehnel and P au l. I t s  in f ra - re d  and proton
nu c lea r magnetic resonance sp ec tra  were compatible w ith  the d es ired  
s tru c tu re .
Attempts to  induce r in g -c lo su re  o f 126 using  sodium methoxide or 
commercially obtained  potassium  t e r t -butoxide a t  low tem peratures 
(-1 - '5 ° )  gave u n sa tis fa c to ry  r e s u l t s .  Y ields o f th ian -3 ,5 -d io n e  
were low, ranging from 10 -  30%. Reaction m ixtures worked-up by 
treatm ent w ith  aqueous acid  gave products shown by g a s - liq u id  
chromatography to  be contaminated w ith  unchanged 126. The a l te rn a t iv e  
method o f work-up, trea tm en t o f the re a c tio n  m ixture w ith  w ater and 
subsequent a c id if ic a t io n  o f the  aqueous phase, was th e re fo re  adopted. 
Although they were f re e  o f 126, the  p ro d u c ts . so obtained  were s t i l l  o f 
low p u r ity . For in s tan ce , a run employing sodium methoxide a t  -1° 
re su lte d  in  a 28% y ie ld  o f yellow  s o lid ;  the y ie ld  a f te r  r e c ry s ta l ­
l i s a t io n  o f the crude product from benzene was 4%, the  r e c ry s ta l l i s e d  
m a te ria l m elting a t  68-79° ( l i t .  80-81°)
The use o f sodium hydride as the  condensing agent was t r i e d ;  s u f f ic ie n t  
hydride was used to  allow  fo r  removal o f the  methanol formed during 
the  r in g -c lo su re , w ith  a view to  fo rc ing  th e  re ac tio n  to  com pletion. 
Prolonged h ea tin g  was found to  be necessary  fo r complete consumption 
o f 126 however, and th e  products were p la in ly  in f e r io r ,  being dark  and 
only p a r t ly  c r y s ta l l in e .
When fre sh ly  prepared potassium  t e r t -butoxide was used as b ase , con­
sumption of T26 as m onitored by g a s - liq u id  chromatography was ra p id  
and complete. The y ie ld  o f the  crude product was h igh , b u t th ia n -
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3 ,5-dione was ev id en tly  a minor component (the product was an o i l ,  
and although i t s  u l t r a - v io le t  spectrum contained an absorp tion  maximum 
a t  th e  co rre c t wavelength, the molar e x tin c tio n  c o e f f ic ie n t  was only 
22% o f  the l i t e r a tu r e  value fo r  th ia n -3 ,5 -d io n e ) . D is t i l la t io n  o f the  
crude product led  to  the is o la t io n  in  51V y ie ld  of keto ac id  138 as a 
low-melting s o lid ,  id e n t i f ie d  by i t s  in f ra - re d , u l t r a - v io le t  and
pro ton  n u c lea r magnetic resoiiance sp e c tra , and elem ental a n a ly s is .
152‘ 153 152The m elting p o in t ’ and u l t r a - v io le t  and n u c lea r m agnetic
154resonance da ta  were in  agreement w ith l i t e r a tu r e  v a lu es . The 
n u c lear magnetic resonance spectrum was s im ila r  to  th a t  o f methyl e s te r  
126, w ith  th e  expected d iffe re n c e  th a t  no OCH^  s ig n a l was p re sen t.
The form ation of ac id  138 was in te rp re te d  as being the  r e s u l t  o f  a tta c k  
by potassium  hydroxide on th ian -3 ,5 -d io n e  on treatm ent o f  th e  re a c tio n  
m ixture w ith  w ater (Scheme 7 ) , in d ica tin g  th a t  th ian -3 ,5 -d io n e  is  much 
more s e n s it iv e  to  a lk a l i  than are cyclohexan-l,3 -d iones.
Scheme 7
seemed th a t  the s e n s i t iv i ty  o f  th ian -3 ,5 -d io n e  to  potassium  hydroxide
was g re a te r  than to  sodium hydroxide, so avoidance of potassium -contain ing
bases was d e s ira b le . Experience w ith  th e  Dieckmann r in g -c lo su re  of
te r t - b u ty l  e s te r  96^  (page.42) suggested th a t  sodamide might be su p e rio r
to  sodium hydride by p erm ittin g  the use o f sh o rte r  re ac tio n  tim es.
This was found to  be the  case fo r  the r in g -c lo su re  of keto e s te r  126 ;
reasonable y ie ld s  (about 40$) o f th ian -3 ,5 -d io n e  s u f f ic ie n t ly  pure
fo r  fu r th e r  sy n th e tic  processes were obtained  ro u tin e ly , using  2.4
equivalen ts o f  sodamide in  benzene a t  40°. The m elting p o in t and
u l t r a - v io le t  s p e c tra l  d a ta  of the  product were in  agreement w ith  the
144l i t e r a tu r e  va lues. I t s  in f ra - re d  spectrum v aried  w ith  th e  medium
employed; in  d i lu te  carbon te tra c h lo r id e  so lu tio n  e n o lisa tio n  was
n e g lig ib le , the carbonyl groups g iv ing  r is e  to  a s tro n g , s p l i t  band
w ith  maxima a t  1741 and 1713 cm A d ilu te  chloroform  so lu tio n  gave
a s im ila r  spectrum, w ith  ad d itio n a l bands o f low in te n s i ty  a t  3300
and 1600 cm  ^ suggesting some e n o lisa tio n . In potassium  bromide the
-1enol form was predominant (strong  bands a t  1590 and 1545 cm ) .
The proton n u c lear magnetic resonance spectrum o f th ian -3 ,5 -d io n e
in  deuteriochloroform  in d ica ted  n e g lig ib le  e n o lisa tio n  in  th i s  so lv en t;
i t  co n sis ted  of two s in g le ts  a t  t 6.45 (COCH^ CO) and .6.61 (CH2SCH2) *
149In c o n tra s t ,  Yogev and Mazur found th a t  cyclohexan-l,3 -d ione and 
(to  a le s s e r  ex ten t) dimedone are s u b s ta n tia l ly  en o lised  in  d e u te r io ­
chloroform so lu tio n ; the  keto tautom er o f dimedone gives s in g le ts  a t  
t  6.67 (C0CH2C0) and 7.49 (CH2C(CH3) 2CH2) .
Cyclohexan-l,3-diones are prone to  decomposition on exposure to  th e  
atmosphere, p a r t ic u la r ly  in  the  presence o f m o i s t u r e . S i m i l a r  
behaviour was n o ticed  fo r  th ian ^ 3 ,5-dione, which g radually  darkened 
and became o ily . For th is  reason i t  was s to red  in  an evacuated 
d e s s ic a to r  c o n ta in in g .s i l ic a  g e l, and used as soon as p o ss ib le  a f t e r  
p rep ara tio n .
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ALKYLATION OF THIAN-3,5-DIONE AT POSITION 2
DISCUSSION
The fa c to rs  in fluenc ing  the  a lk y la tio n  of en o lic  compounds under b a s ic  
conditions have been d iscussed  in  the con tex t o f carbalkoxythiolanones 
(page 46). In  the  absence o f l i t e r a tu r e  rep o rts  of C -a lky la tion  o f 
th ian -3 ,5 -d io n e , guidance was sought from s tu d ie s  o f cyclohexan-1,3- 
diones. In  accordance w ith  the  high degree of e n o lisa tio n  o f c y c lic
1 ,3 -d iones, O -alky la tion  is  a major s id e -re a c tio n .
The C :O -alkylation r a t io  o f cyclohexan-l,3-d ione eno la te  r is e s  in  the 
s e r ie s  of ca tions L i+ < Na+ < 1^5? 155 ^ ia .t opposite  o f the
order u su a lly  observed in  a lk y la tio n s  o f e n o la te s ; th i s  tre n d  has 
been in te rp re te d  by BrhndstrUm as r e s u lt in g  from an increased  
tendency fo r coord ination  o f the a lk y la tio n  agent to  a :.la rg er m etal 
atom. L ite ra tu re  rep o rts  on the  use of th a lliu m (I)  as c a tio n  in  
a lk y la tio n s  o f cy c lic  1 ,3 -d iketones (page 61 ) in d ica te  th a t  i t  o ffe rs  
no advantages over the a lk a l i  m eta ls.
The e f fe c ts  of v a r ia tio n s  in  the  a lk y la tin g  agent on th e  C :O -alkylation  
r a t io  o f cyclohexan-l,3-d ione follow  the  u sual tre n d s , ^ -a lk y la tio n  
o f the potassium  eno la te  in  methanol i s  re a d ily  achieved w ith  methyl 
io d id e , bu t su ffe rs  from com petition w ith  O -alky la tion  when longer- 
chain a lk y l groups are used. With e th y l, p ropy l, b u ty l and c e ty l 
iod ides C :O -alkylation r a t io s  between 1:1 .25 and 1 :1 .9  have been 
ob tained; in  each case the  y ie ld  o f C -alky la ted  product was about 
th e  same (26-28%) B e tte r  r a t io s  are obtained when a lk y la tin g
agents w ith a , (3-u n sa tu ra tio n  are u s e d ." ^  C -alkenylation  products 
have been obtained from the potassium  eno la te  o f  cyclohexan-l,3 -d ione 
in  w ater w ith  a l l y l ,  c ro ty l and 2 -p en ten -l-y l bromides in  64, 63
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and 72.5% y ie ld s  re sp e c tiv e ly ; in  these  in stances d i-C -a lk y la tio n
1ra th e r  than O -a lky la tion  was a n o ticeab le  s id e - re a c tio n . The 
C: O -a lky la tion  r a t io  increases in  the usual o rder o f leav ing  groups, 
su lphate  ^  p -to luensu lphonate  «  bromide < iod ide .
P ro tic  so lven ts, e sp e c ia lly  methanol and w ater, have been used ex ten­
s iv e ly  fo r  a lk y la tio n s  o f cyclohexan-1, 3-dione en o la tes . Water i s  b e t t e r  
than methanol in  promoting C- a lk y l a t  ion , bu t i s  u n su itab le  when sa tu ra te d  
a lky l groups ap a rt from methyl are to  be in troduced , because the  products 
are  too su scep tib le  to  cleavage and atm ospheric ox idation  in  th e  presence 
of aqueous a lk a l i .  This problem is  le s s  l ik e ly  to  a r is e  when th e
a lk y la tin g  agent has a , 3 -u n sa tu ra tio n ; fo r  in s tan ce , Biichi and Egger ^  
obtained  an 82.5% y ie ld  o f C -alky la tion  product on t re a t in g  cyclohexan-
1 ,3-dione w ith  excess aqueous potassium  hydroxide and l-brom o-2-pentyne 
fo r  15 hours a t  room tem perature.
D ipolar a p ro tic  so lven ts  would be expected to  promote O -a lk y la tio n .
N evertheless, in  the  course o f a sy n th esis  o f 11-deoxy p ro s tag lan d in s ,
57Bagli and Bogri have achieved C -a lk y la tio n  o f cyclohexan-1,3-dione 
sodium eno la te  in  dimethylformamide w ith  methyl 7-brom ohept-5-ynoate, 
showing th a t  the e f fe c t  of the  so lven t may be overcome by the  use o f an 
a ,3 -u n sa tu ra ted  a lk y l group.
M ono-C-alkylated c y c lic  1 ,3 -d io n es, l ik e  the  u n su b stitu ted  compounds, 
are a c id ic  and may th e re fo re  be separated  from 0- and d i-a lk y la tio n  
products by e x tra c tio n  w ith  aqueous a lk a l i ,  then recovered by a c id i f i ­
ca tio n  o f the  aqueous phase. Since d i-a lk y la tio n 'in v o lv e s  pro ton  
t ra n s fe r  from the mono-C-alkylated product to  th e .s ta r t in g  e n o la te , 
i t  causes contam ination o f the  mono-£ -a lk y la ted  product with, th e  s ta r t in g  
diketone. Thus from the  p o in t o f view o f  product is o la t io n ,  O -a lk y la tio n  
may be regarded as a le s s e r  e v il  than d i-a lk y la tio n .
The spectroscop ic  p ro p e rtie s  of the  mono-C-alkylated products are s im ila r  
to  those of the paren t d iones, d iscussed  in  the  previous se c tio n . The 
wavelength of the absorp tion  maximum in  the u l t r a - v io le t  spectrum is  
increased  by about te n  nanometers on in tro d u c tio n  o f the 2 -a lky l group, 
as expected from Woodward's ru le s : fo r  in s ta n c e , 2-methylcyclohexan-
1 ,3-dione has X ^^ 261 nm, whereas cyclohexan-1,3-dione i t s e l f  absorbs 
a t  253 n m ,^ ^  As w ith  the u n su b stitu ted  d iones, the absorp tion  maximum of 
the m ono-C-alkylatioii products i s  s h if te d  to  h igher wavelength a t  high pH 
as a r e s u l t  o f io n ic  d is so c ia tio n . The O -a lky la tion  products absorb a t  
s im ila r  wavelengths to  the s ta r t in g  d ike tones, bu t the wavelength o f 
the absorp tion  maximum is  u naffected  by pH.
Whereas ^ -a lk y la tio n  is  no t expected to  have much e f fe c t  on the  in f r a ­
red  sp ec tra  of c y c lic  3 -d ike tones, O -alky la tion  i s .  Bands due to  the 
conjugated carbonyl group (below 1700. cm and double bond (nearer 
1600 cm are c h a ra c te r is t ic  o f enol e th ers  of c y c lic  3 -d ike tones.
RESULTS
In view o f the  known behaviour o f cyclohexan-1 ,3-d iones, i t  was probable
th a t  a lk y la tio n  o f th ian -3 ,5 -d io n e  w ith e th y l 7-iodoheptanoate as
proposed in  Scheme 2 would lead  to  a low C :O -alkylation  r a t io .  I t
th e re fo re  seemed d e s ira b le  to  take advantage o f the  su p e r io r i ty  of
a lk y la tio n  agents con tain ing  a , 3-u n sa tu ra tio n . This could be done by
57Bagli and B o g ri's  approach, th a t  is  by using e th y l 7-bromohept-5- 
ynoate as a lk y la tin g  agen t, so th a t  the C -a lk y la tio n  product would 
be compound 140. The t r i p l e  bond could be removed by red u c tio n  a t  a 
l a t e r  s tag e  in  the  sy n th es is . An ad d itio n a l b e n e f it  accruing from
t
the use of the  acety lene would be the o p p o rtu n ity ’o f p reparing  p ro s ta ­
glandin  analogues contain ing  a 5 ,6 -c is  double bond, as p re sen t in  the  
n a tu ra lly -o c c u rin g .c la ss  2 p ro stag lan d in s, v ia  hydrogenation in  the
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presence of L in d la r 's  c a ta ly s t .
O
140 R = -(C H 2) 3C 02C2H5
141 R - H
The p rep ara tio n  o f e th y l 7-bromohept-5-ynoate would have involved a 
ted ious m u lti-s ta g e  sy n th e s is , 142,157 sq model  experiments w ith  the  
aim o f p reparing  compound 141 were performed, using commercially 
av a ilab le  propargyl bromide as a lk y la tin g  agent. Methanol r a th e r  than  
w ater was chosen as so lven t fo r  the i n i t i a l  experim ents, in  o rd er to  
avoid the  r is k  o f  a tta c k  by hydroxide on the  p roduct, s ince  i t  was 
known from experience in  the  p rep ara tio n  o f  th ian -3 ,5 -d io n e  th a t  th is  
r is k  was g re a te r  than fo r  cyclohexan-1,3-diones.
In the f i r s t  model experim ent, th e  sodium eno la te  o f  th ian -3 ,5 -d io n e  
was generated by adding the dione to  m ethanolic sodium methoxide. 
G as-liqu id  chromatography o f the  r e s u lt in g  so lu tio n  showed th a t  
conversion to  the eno la te  was complete, no peak corresponding to  th e  
fre e  dione being Seen. Propargyl bromide was then added to  th e  
eno la te  so lu tio n , bu t a f te r  21 hours a t  room tem perature, no products 
were d e tec ted , and an a c id if ie d  sample o f  th e  re a c tio n  m ixture gave 
only a peak corresponding to  th ian -3 ,5 -d io n e . I t  was concluded th a t  
the  re a c tio n  was very' slow a t room tem perature.
In another experim ent, a re ac tio n  tem perature o f 35-45° was employed, 
and the  progress o f the a lk y la tio n  was followed by te s t in g  d ro p le ts
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of the  re ac tio n  m ixture w ith  m oist u n iv ersa l in d ic a to r  paper; the 
re ac tio n  was considered complete a f te r  2\ hours, by which tim e the  pH 
readings had f a l le n  to  a steady value of 2 .5 . For work-up th e  re a c tio n  
m ixture was. f i l t e r e d ,  concen trated  and tre a te d  w ith  w ater, and th e  product was 
e x trac ted  w ith  e th y l a c e ta te . The e th y l a c e ta te  and any excess propargyl 
bromide were removed by evaporation , leav ing  a dark brown, viscous o i l ,  
ob tained in  42% y ie ld . T h in -layer chromatographic an a ly s is  o f  th is  
crude product in d ica ted  th a t  th ian -3 ,5 -d io n e  was absen t, bu t showed 
i t  to  be a multi-component m ixture. A pure product was not iso la te d , 
bu t the in f ra - re d  spectrum o f th e  crude m ate ria l had bands c h a r a c te r is t ic  
o f  a te im in a l acety lene (3120 cm  ^ (strong , =C-H); 2120 cm ^ (C=C)),
and bands rem iniscent, o f  the  keto  and enol forms o f th ian -3 ,5 -d io n e  
(3300br, 1730s - s tro n g er than in  th ian -3 ,5 -d io n e  i t s e l f ,  1700s and 
1600s,b r), in  agreement w ith  the s tru c tu re  of the  d es ired  product 141.
An attem pt was made to  a lk y la te  th ian -3 ,5 -d io n e  w ith propargyl bromide,
using  liq u id  ammonia as so lven t and base , w ith  te trah y d ro fu ran  as
co -so lv en t, a t  -33°. (Liquid ammonia i s  an ex ce llen t base fo r  a lk y la tio n s
158of 2-acyl cyclohexan-1,3 ,5 -tr io n es  w ith  2-propenyl bromides ) .
Work-up, conducted by allow ing the ammonia to  evaporate, a c id i f ic a t io n ,  
and e x tra c tio n  w ith d ie th y l e th e r , led  only to  recovery o f th ia n - 3 ,5- 
dione (85%), id e n t i f ie d  by i t s  in f ra - re d  spectrum. This r e s u l t  may 
have been due to  the  low rea c tio n  tem perature ra th e r  than th e  absence
'i '
o f  a powerful base , s ince  s im ila r  r e s u l ts  were obtained  when the  
sodium eno la te  o f th ian -3 ,5 -d io n e , generated in  s i tu  using  sodamide 
(a lso  prepared in  s i t u ) , was sub jec ted  to  the  same co n d itio n s.
An in v e s tig a tio n  6 f  the  p rep ara tio n  o f another model compound, 142, 
proved more f r u i t f u l .  In a f i r s t  attem pt to  prepare 142, th e  sodium 
eno la te  o f th ian -3 ,5 -d io n e  was a lk y la ted  w ith  methyl 4-brom ocrotonate, 
in  methanol a t  room tem perature. The rea c tio n  was m onitored by te s t in g
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samples w ith m oist u n iv e rsa l in d ic a to r  paper; the  pH readings f e l l  
from 10 to  2 during one hour. For work-up, the  reac tio n  m ixture 
was concentrated , and th e  crude product e x trac ted  from the  co ncen tra te  
w ith  chloroform . The in f ra - re d  spectrum o f  ithe product had a broad 
hydroxyl band a t  3280 cm \  in d ica tin g  th e  presence o f an eno l, and a- 
p ro fusion  of bands in  the C=0 and. C=C s tre tc h in g  region (1720s,br, 
1680, 1651, 1630 and 1600br cm ^ ) , suggesting th a t  C- and O -alky la tion  
products 142 and 143 were bo th  p re sen t. (The follow ing te n ta t iv e  
assigments were made: 1720: e s te r  carbonyl, r in g  carbonyls o f  142;
1680: r in g  carbonyl o f 143; 1651: double bond in  five-carbon  s id e -
chain; 1630: double bond in  the  r in g  o f 143; 1600: enol tautom er o f
142).
142
0 '^ v^ v'C 0 2CH3
143
W ith the  aim o f sep ara tin g  these  two components, the crude product 
was d isso lved  in  benzene, and e x tra c tio n  o f the  £ ra lk y la tio n  product 
142 was attem pted by shaking th e  so lu tio n  w ith  d i lu te  aqueous sodium 
hydroxide. Hie re s u lt in g  lower la y e r  was run immediately in to  d i lu te  
hydroch loric  ac id , in  o rder to  minimise the exposure o f  142 to  a lk a l i ;  
d esp ite  th is  p recau tio n , a c h a ra c te r isa b le  product was no t ob ta ined .
The benzene lay e r  was washed thoroughly w ith sodium hydroxide, w ith  the 
aim o f removing any tra c e  o f 142. Removal o f  so lven t l e f t  an orange 
o i l  whose weight corresponded to  a 32% y ie ld  o f mono-alkyl a t  ion product. 
I t s  in fra - re d  spectrum was s im ila r  to  th a t  o f the  crude p ro d u ct, except
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th a t  the in te n s i t ie s  o f the  bands assigned  to  the enol form o f 142 
(3280 and 1600 cm were considerably  reduced. However, g a s - liq u id  
chromatographic an a ly sis  of the o i l  s tro n g ly  suggested th a t  142 was 
s t i l l  p re sen t, as the main component in  f a c t .  . Chromatography o f a 
methanol so lu tio n  o f  the  o i l  on a s il ic o n e  0V1 column a t  200° in d ica ted  
the presence o f two major components e lu tin g  a t 11 and 14 m inutes, 
in  approximate r a t io  1:3 ( re la t iv e  peak a re a s ) . The la rg e r  peak 
disappeared when the  sample was made a lk a lin e  w ith  sodium hydroxide, 
behaviour expected fo r  the  C -alky la tion  product 142. This assignment 
was l a t e r  confirmed when a pure sample o f 142 was iso la te d ; the 
component e lu tin g  a t  11 minutes was presumably 143. The o i ly  product 
was d i s t i l l e d ,  bu t no sep a ra tio n  o f the  tw o.components was achieved 
as judged by g a s -liq u id  chromatography and in f ra - re d  spectroscopy.
The problem o f O -alky la tion  in  the p rep ara tio n  o f 142 was a l le v ia te d  
by changing the leav ing  group o f the a lk y la tin g  agent from bromide to  
io d id e , as expected from l i t e r a tu r e  p reced en ts , p a r t ic u la r ly  fo r  
a lk y la tio n s  in  the cyclohexan-1,3-dione s e r ie s .  The ap p ro p ria te  io d id e , 
methyl 4 -iodocro tonate , was re a d ily  prepared from methyl 4-bromo- 
cro tonate  by m etathesis w ith  sodium iod ide .
For the second attem pt to  prepare 142, the  sodium eno la te  o f th ia n -
3 ,5-dione was tre a te d  w ith 1.1 equ ivalen ts of methyl 4 -io d o cro to n ate , 
in  methanol a t  0°. The lower re a c tio n  tem perature was chosen on th e  
b a s is  th a t  use o f  the  more rea c tiv e  h a lid e  should perm it m ilder cond itions 
to  be employed. The progress o f the re a c tio n  was m onitored by pH 
te s t in g ,  as b efo re . The reading f e l l  from pH 11 to  pH 2.5 in  30 
m inutes, and-remained a t  th is  value an hour l a t e r .  For work-up, the  
methanol was rep laced  by chloroform and the  re su ltin g  m ixture f i l t e r e d  
to  remove a w a te r-so lu b le , w hite p r e c ip i ta te ,  which was presumed to  
be sodium iod ide. The in f ra - re d  spectrum o f a potassium  bromide
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mull of the s o lid  showed th a t  th is  ptesum ption was no t e n t i r e ly  c o rre c t, 
however. Strong bands rem iniscent o f a carboxylate anion were observed 
a t  1570 and 1520 cm \  suggesting  th a t  the s o lid  contained a s u b s ta n tia l  
amount o f the sodium eno la te  o f th ian -3 ,5 -d io n e . This in te rp re ta t io n  
was confirmed by the  u l t r a - v io le t  spectrum o f an ethanol so lu tio n , 
which ex h ib ited  an in ten se  absorp tion  a t  278 nm; on a c id if ic a t io n  of * 
the sample, the absorp tion  maximum was s h if te d  to  257 nm. Thus the 
pH t e s t  used to  m onitor the re a c tio n  had been m isleading; the reason 
fo r  th is  may have been th a t  the eno la te  was in s u f f ic ie n t ly  so lu b le  in  
methanol a t  0°. Concentration o f the chloroform so lu tio n  gave an 
orange p a s te . The d e te c tio n  o f unchanged th ian -3 ,5 -d io n e  sodium 
eno la te  im plies th a t  a considerab le  amount o f unchanged methyl 4- 
iodocro tonate would be p re se n t, so i t  seemed d e s ira b le  to  f in d  a way 
o f  ex trac tin g  the C -a lky la tion  product w ith  a lk a l i .  This was achieved 
by shaking the p aste  w ith  aqueous sodium b icarbonate  and chloroform .
The chloroform la y e r  was fu r th e r  ex tra c ted  w ith  b ica rb o n a te , then 
kept as id e . The combined a lk a lin e  e x tra c ts  were a c id if ie d  to  re le a se  
the  crude C -alky la tion  product, an orange o i l  obtained  in  33% y ie ld  
v ia  e x tra c tio n  w ith chloroform. G as-liqu id  chromatographic an a ly s is  
o f  th is  product, under the conditions used in  the  experiment w ith 
m ethyl 4-brom ocrotonate, in d ica ted  th a t  the iC-alkylation product 142, 
e lu tin g  a t  14 m inutes, was predominant. The in f ra - re d  spectrum  was 
s im ila r  to  th a t  Of the  crude product of the previous experim ent, 
except th a t  the bands believed  to  be due to  the O -a lk y la tio n  product 
143 were considerably  weaker, appearing only as shoulders. A dd itional 
evidence th a t  142 had been obtained was provided by the u l t r a - v io le t  
spectrum, which had in ten se  absorp tion  maxima a t  wavelengths charar 
c t e r i s t i c  o f  the  Tr-nr* tra n s i t io n s  o f an a , 8-u n sa tu ra ted  e s te r  (208 nm) and 
the enol of a six-membered cy c lic  (3-diketone (262 nm). Unchanged methyl 
4 -iodocro tonate , id e n t i f ie d  by i t s  in fra - re d  spectrum, was recovered 
from the  chloroform la y e r  kept aside e a r l i e r  in  th e  work-up. From the
amount obtained  i t  was es tim a ted ’th a t  the  ex ten t o f  th e  re a c tio n  had 
been no t more than 70%.
The re a c tio n  o f the sodium eno la te  o f  th ian -3 ,5 -d io n e  w ith  methyl 
4-iodocrotonate in  methanol was repeated , using  a re a c tio n  tem perature 
o f 15-18°. The progress o f  the  re ac tio n  was again..monitored by pH 
te s t in g ;  the  t e s t  was more r e l ia b le  a t  the  h igher re ac tio n  tem perature, 
s ince  90% o f the th e o re tic a l  amount o f  the a lk y la tin g  agent was 
consumed. A reading o f pH 2.5 was a tta in e d  a f te r  3 h re a c tio n , compared 
w ith  30 min when the  rea c tio n  was conducted a t  0°. The C -a lk y la tio n  
product was again e x trac ted  w ith  aqueous sodium b icarbonate  and re le a se d  
as an o i l  on a c id if ic a t io n  o f the  a lk a lin e  e x tra c t .  I n i t i a l  e x tra c tio n  
o f the re su lt in g  m ixture w ith benzene led  to  recovery o f the  crude 
C -alky la tion  product as a red o i l  in  32% y ie ld ; i t s  in f ra - re d  and 
g a s - liq u id  chromatographic behaviour were s im ila r  to  the  product 
obtained a t  0°, bu t gave no in d ica tio n s  o f the presence o f 143. The 
o i l  re lea sed  on a c id if ic a t io n  was no t com pletely d isso lved  by benzene; 
fu r th e r  e x tra c tio n  was performed w ith e th e r ,  which was found more 
e f fe c tiv e . In  th is  way a second q u an tity  o f red  o i l  was ob ta ined , 
equal in  weight to  the  f i r s t ;  however, i t s  in fra - re d  spectrum and 
g a s - liq u id  chromatographic an aly sis  showed th a t  i t  was badly  contam­
in a ted  w ith  th ian -3 ,5 -d io n e . . The f i r s t  crop was combined w ith  th e  
product obtained a t  re a c tio n  tem perature 0° and chromatographed on 
alumina to  provide a sm all sample o f the  C -a lk y la tio n  product 142 
in  r e la t iv e ly  pure, c ry s ta l l in e  form (m elting p o in t 135-136°).
The chromatographed m a te ria l had in f ra - re d , u l t r a - v io le t ,  and gas- 
l iq u id  chromatographic p ro p e rtie s  s im ila r  to  those o f the crude 
products. In the u l t r a - v io le t  spectrum, the absorp tion  band assigned  
to  the  enol system was s h if te d  to  longer w avelength,on in c reas in g  pH, 
becoming a doublet w ith  maxima a t  285 and 310 nm, thereby lend ing  weight
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to  th is  assignment. A dditional evidence th a t  the  product had the  d esired  
s tru c tu re  142 was provided by a mass spectrum. The m olecular ion appeared 
a t  the  c o rre c t m/e value o f 228 a .m .u ., and the  fragm entation p a tte rn  
showed th a t  the compound was a methyl e s te r .  Fragment ions corresponding 
to  lo ss  o f CH^ O and CH^ OH from the  m olecular ion were observed, a t  197 and 
196 a.m .u. re sp e c tiv e ly , and fu r th e r  lo ss  o f CO from th ese  fragments gave 
r i s e  to  peaks a t  169 and 168 a.m .u. The tra n s i t io n s  228 -> 196 and 196 -»• 168 
were supported by m etastab le  peaks. The mass-spectrum a lso  suggested the  
presence of a d ia lk y la tio n  p roduct, s ince  a. m olecular ion  was p resen t a t  
326 a.m .u. Fragment ions corresponding to  lo ss  from th is  species o f CH^O, 
CH^ OH, CH^ O and CH^ OH, 2 CH2 OH, and fu r th e r  lo ss  o f CO from each of th ese  
were seen, in d ica tin g  th e  presence o f two methyl e s te r  groups. S u f f ic ie n tly  
in ten se  second iso tope peaks were p resen t fo r  a l l  the  peaks d iscussed  to  
allow fo r th e  n a tu ra l abundance o f '^ S .
Comparison o f  the  re s u l ts  o f  attem pted a lk y la tio n s  of the  sodium en o la te  o f 
th ian-3., 5-dione in  methanol w ith propargyl bromide and w ith  methyl -4-iodo- 
cro tonate  suggested th a t  the  iodoalkene was a more re a c tiv e  a lk y la tin g  agen t, 
s in ce  h igher tem peratures were req u ired  to  promote the  re a c tio n  w ith  th e  
bromoalkyne. The p o s s ib i l ty  o f l iq u id  ammonia being a s u ita b le  so lv en t fo r  
the p rep ara tio n  o f compound 142 was th e re fo re  no t ru led  out by th e  f a i lu r e  o f 
propargyl bromide to  re a c t in  th is  so lv en t. Accordingly, an experim ent was 
perfoimed in  which th ian -3 ,5 -d io n e  sodium eno la te  in  l iq u id  ammonia was 
t re a te d  w ith methyl 4-iodocro tonate  under the  conditions employed fo r  the 
attem pted a lk y la tio n  w ith  propargyl bromide. The r e s u l t  was l i t t l e  b e t te r  thai 
when propargyl bromide had been employed; g a s -liq u id  chrom atographic an a ly s is  
o f the crude product showed th a t  i t  co n sis ted  almost e n t i re ly  o f th ia n - 3 ,5- 
d ione, w ith only a tra c e  o f 142 p re sen t.
The b e s t so lven t found fo r  the  p rep ara tio n  o f alkenyl dione 142 from 
the sodium eno la te  o f th ian -3 ,5 -d io n e  and methyl 4 -iodocro tonate  was
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dime thy lformamide, as used by Bagli and Bogri ^  fo r  the a lk y la tio n  
o f cyclohexan-1,3-dione w ith  methyl 7-brom ohept-5-ynoate. The eno la te  
was generated in  s i t u .using sodium hydride . Useful inform ation about 
th re e  aspects o f the re a c tio n  was provided by g a s - liq u id  chromatography 
of samples of the a lk y la tio n  m ixture: (1) the  r a te  of re a c tio n  was
h igh , product form ation being v i r tu a l ly  complete on mixing a t  40°;
(2) proton t ra n s fe r  from 142 to  the s ta r t in g  en o la te  was im plied by 
the d e tec tio n  o f a s ig n if ic a n t  amount o f fre e  th ian -3 ,5 -d io n e ; and
(3) the  le v e l o f O -a lk y la tio n , judged by the s iz e  o f the  peak believed  
to  be due to  compound 143, was low; methanol had th e re fo re  o ffe red  
no s ig n if ic a n t  advantage in  th is  re sp ec t.
The re a c tio n  m ixture was worked-up by d ilu t io n  w ith  w ater and e x tra c tio n  
w ith  e th e r , to  give a p a r t ly  s o lid  product. The s o lid  component was 
c o lle c te d  by f i l t r a t i o n  and washed w ith  d ie th y l e th e r , g iv ing  th e  
d esired  product 142 in  19% y ie ld . This m a te r ia l had a s a t is f a c to ry  
in f ra - re d  spectrum and g a s-liq u id  chromatographic a n a ly s is , and m elted 
a t  132-134°. A pure sam ple,.m elting p o in t 145°, was obtained by re c ry ­
s ta l l i s a t i o n ;  i t s  in f ra - re d  and u l t r a - v io le t  sp ec tra  agreed w ith  those 
of products from previous runs. Confirmation th a t  the s tru c tu re  142 
was c o rre c t was provided by elem ental an a ly sis  and a pro ton  n u c lea r 
magnetic resonance spectrum. The l a t t e r  contained a s in g le t  a t  t 6.55 
((TT^SCiy s im ila r  to  the corresponding s ig n a l observed fo r  th ia n -3 ,5- 
dione (x 6 .6 1 ), and a t r i p l e t  a t  x 6.23 (COCHCCH^ -OCO) corresponding 
to  the  s in g le t  a t  x 6.45 observed fo r  th ian -3 ,5 -d io n e  (GOCl^CO). The 
remaining s ig n a ls  were those app rop ria te  fo r  the five-^carbon s id e -ch a in ; 
as w ith  th ian -3 ,5 -d io n e  the degree o f e n o lisa tio n  was n e g lig ib le  in  
deuteriochloroform .
The importance o f a , 3-u n sa tu ra tio n  in  the a lk y la tin g  agent as a p re ­
re q u is i te  o f predominant ^ -a lk y la tio n  of th ian -3 ,5 -d io n e  was dem onstrated
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by a lk y la tio n  w ith  e th y l 7-iodoheptanoate in  dimethylformamide. Gas- 
l iq u id  chromatography of re a c tio n  m ixture samples enabled comparisons 
w ith the a lk y la tio n  w ith  methyl 4 -iodocro tonate  to  be made: (1) the  
sa tu ra te d  iodide reac ted  more slow ly, product form ation being complete 
a f te r  four hours a t  35-45°; (2) pro ton  t ra n s fe r  from the  C -a lk y la tio n
product 47_ to  the s ta r t in g  eno la te  was much le s s  p rev a len t; (3) as 
a n tic ip a te d , O -alky la tion  was favoured over C -a lk y la tio n . The C- and 
O -a lky la tion  products were e lu ted  a t  6 and 8 minutes re sp e c tiv e ly  from 
a s il ic o n e  0V1 column .operated, a t  250°. T en ta tive  assignments were 
made on the follow ing grounds: the f i r s t  peak disappeared on t re a t in g
a sample w ith aqueous sodium b icarbonate , and reappeared on subsequent 
n e u tr a l is a t io n ;  the second peak was g radually  lo s t  follow ing trea tm en t o f 
a sample w ith  d i lu te  hydroch loric  ac id  (cleavage of the  e th e r  linkage 
to  give th ian -3 ,5 -d io n e  was expected ), and did no t reappear on n e u tr a l ­
i s a t io n . The assignments were l a t e r  confirmed by comparison w ith  th e  
iso la te d  products.
o
C° 2 Rs^ i0
47 R = C 2 H 5 144 R = C2 H5
145 R = CH3 146 R = CH3
The C -:O -alky la tion  r a t io  rose during the  course o f  the  re a c tio n ; a 
measure o f i t s  f in a l  v a lu e , the  r a t io  of the  areas of th e  g a s - liq u id  
chromatographic peaks fo r  47 and 144, was 1 :2 .3 . This r a t io  i s  com­
p arab le  to  l i t e r a tu r e  values fo r  product r a t io s  from a lk y la tio n s  of 
cyclohexan-1,3-dione w ith  long-chain  a l ip h a t ic  iodides in  methanol.
92
The low C -:0 -a lk y la tio n  r a t io  meant th a t  a means o f sep ara tin g  the 
products had to  be found. The method chosen was based on the  e f fe c t  
o f  sodium b icarbonate  mentioned above, and i t s  su p e r io r ity  over sodium 
hydroxide fo r  th e  analogous sep ara tio n  o f  model compound 142. The 
re a c tio n  m ixture was t re a te d  w ith  aqueous sodium b icarbonate , and th e  
O -a lky la tion  product 144 to g e th e r w ith  excess e th y l 7-iodoheptanoate, 
ex trac ted  w ith  d ie th y l e th e r  (some 144 was p re c ip ita te d  a t  th i s  s ta g e ) . 
The O -a lk y la tio n  product 47 was recovered v ia  a c id if ic a t io n  of th e  
b icarbonate  so lu tio n . The e ff ic ie n c y  o f the  sep ara tio n , checked by 
g a s - liq u id  chromatography, was very  h igh. The C -a lk y la tio n  product 
was v i r tu a l ly  uncontaminated by th ian -3 ,5 -d io n e , confirm ing th a t  the  
ex ten t o f  pro ton  t ra n s f e r  from 47 was low, and the  crude y ie ld s  o f 
47 (241) and 144 (41%) confirmed the  predominance o f O -a lk y la tio n .
Pure samples o f the  products were obtained by r e c r y s ta l l i s a t io n ,  
follow ing chromatography o f the C -alky la tion  product on f l o r i s i l .  
S a tis fa c to ry  elem ental analyses, and in f ra - re d , u l t r a - v io le t  and p ro ton  
n u c lear magnetic resonance sp e c tra  were obtained fo r  each compound.
The in f ra - re d  and u l t r a - v io le t  sp e c tra  o f  47 were s im ila r  to  th o se  o f 
142, w ith  the  expected absence o f absorptions due to  the  s id e -ch a in  
double bond and the a , $-u n sa tu ra ted  e s te r  chromophore in  142. In 
c o n tra s t to  142, the  e s te r  and rin g  carbonyl bands (1730 and 1700 
cm ^) in  the in f ra - re d  spectrum of £7 were reso lved ; the  e s te r  carbonyl 
of £7 is  no t conjugated w ith  a double bond and th e re fo re  appears a t  
a S lig h tly  h igher frequency. The proton n u clear magnetic resonance 
spectrum of £7 was s im ila r  to  th a t  o f 142 in  having a s in g le t  a t  t 
6.58 ( C ^ S O y , a t r i p l e t  a t  t 6.44 (COCHtCF^-JCO), and s ig n a ls  appro­
p r ia te  to  the nine-carbon s id e -ch a in , w ith no s ig n  o f e n o lis a tio n  in  
deuteriochloroform .
The sp ec tra  o f  144 were as expected fo r  an enol e th e r  o f a six-membered
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c y c lic  $-d iketone. The u l t r a - v io le t  spectrum had a s in g le  strong  
absorp tion  band a t lower wavelength than  th a t  of 47, due to  the  absence 
o f a 4 -a lk y l s u b s titu e n t;  the band was not s h if te d  on in c reas in g  pH.
The in f ra - re d  spectrum had bands due to  the  r in g  carbonyl group (1640 cm ^) 
and double bond (1607 cm ^ ) , s im ila r  to  those th a t  had been te n ta t iv e ly  
assigned to  O -a lky la tion  product 145. The proton n u clear m agnetic resonance 
spectrum o f  144 confirmed th a t  the  two methylenes ad jacen t to  su lphur 
were in  s l ig h t ly  d if f e re n t  environments ( s in g le ts  a t  r  6-67 and 6 .73 ).
The v in y lic  pro ton  gave r i s e  to  a s in g le t  a t  t 4 .62, and th e  f i r s t  methylene 
group o f the  s id e -ch a in  a - t r i p l e t  a t  t 6 .15, showing th a t  i t  was a ttach ed  
to  oxygen.
The a lk y la tio n  of the sodium eno la te  o f th ian -3 ,5 -d io n e  w ith  e th y l 
7-iodoheptanoate was repeated  sev era l times to  provide 47 fo r  fu r th e r  
experim ents. The re ac tio n  was conducted a t room tem perature fo r  
convenience, and was u su a lly  complete a f te r  running overn igh t; the 
C -:O -alky la tion  r a t io  was no t s ig n if ic a n tly  a ffe c te d  by th e  red u c tio n  
in  tem perature. For the f i r s t  rep ea t run, the  y ie ld  o f crude 47_ was 
increased  to  32% by minor a l te ra t io n s  in  th e  work-up; the  product 
was a dark brown o i l ,  which s o l id if ie d  slow ly on deep-freeze s to rag e .
A so lv en t system fo r  r e c r y s ta l l i s a t io n  was found which enabled pure 
47 to  be obtained in  14% o v e ra ll y ie ld , w ithout recourse to.chrom ­
atography.
The main d i f f ic u l ty  in  r e c ry s ta l l i s in g  crude 47 was i t s  tendency to  
p r e c ip i ta te  as a dark o i l ,  which was probably due to  i t s  low m elting  
p o in t (the h ighest value recorded in  th e  course of th is  work was
4 8 .5 -4 9 .5 °). In the  hope o f reducing th is  problem, the  corresponding 
methyl e s te r  145 was prepared , by using  methyl in s tead  o f e th y l 7- 
iodoheptanoate. The crude y ie ld  o f 145 was s im ila r  to  th a t  o f  47, 
bu t so was i t s  m elting  p o in t (48-49°).. The O -a lky la tion  product 146
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was a lso  iso la te d ;  i t s  m elting p o in t (42.5-43.5°) was in  fa c t  lower 
than th a t  o f  the  corresponding e th y l e s te r  144 (6 5 .5 -6 4 .5 °). The 
methyl e s te rs  145 and 146 were id e n t i f ie d  by th e i r  in f r a - re d , u l t r a ­
v io le t  and pro ton  n u clear magnetic resonance sp e c tra , a l l  o f  which 
were very s im ila r  to  those o f  the e th y l e s te rs  47 and 144.
In l a t e r  rep ea t p rep ara tio n s  o f 47_, the crude product was deco lourised  
w ith charcoal. A fte r deep-freeze s to rag e , orange o r l ig h t  brown so lid s  
having a m elting range o f  about th re e  degrees in  the reg ion  o f 40° 
were ty p ic a l ly  ob tained , in  26-27% y ie ld . F o rtunate ly , th ese  m a te ria ls  
were found to  be as good as r e c ry s ta l l is e d  m a te ria l fo r  subsequent 
conversion to  six-membered enone .51.
o
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The observation  th a t  the  C -:O -alky la tion  r a t io  47: 144 in creased  during 
th e  course o f the a lk y la tio n  o f th ian -3 ,5 -d io n e  sodium en o la te  w ith  
e th y l 7-iodoheptanoate was confirmed by g a s - liq u id  chromatographic 
r e s u l ts  from the  rep ea t runs. O -A lkylation seemed to  be 
re ta rd ed  by the  presence o f . i t s  product 144, the  ra te  of form ation 
o f which f e l l  w ith  tim e, the  concen tra tion  becoming v i r tu a l ly  steady  
w hile th a t  o f the C -alky la tion  product 47 was s t i l l  r is in g .  This 
observation , coupled w ith  the knowledge th a t  47 and 144 could be 
e f f ic ie n t ly  separa ted , in sp ired  the  no tio n  th a t  th e  y ie ld  o f 47 
might be improved i f  144 were added to  the  a lk y la tio n  m ixture befo re  
the e th y l 7-iodoheptanoate, s ince  O -a lky la tion  should be somewhat 
re ta rd ed  from the s t a r t .  I f  so , a p ro f i ta b le  use would be found fo r
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the  by-product 144. When th is  procedure was t r i e d ,  using one equi­
v a len t o f added 144, the improvement achieved was small and of 
doubtfu l s ig n if ic a n c e , a 29.5% y ie ld  o f charcoal-deco lou rised  £7 
being obtained . The s l ig h t  in crease  in  y ie ld  hard ly  j u s t i f i e d  the  
e f fo r t  involved in  p u rify in g  the  added 144.
The p ro b a b ility  of ob ta in ing  a more s u b s ta n tia l  improvement by in creasin g  
the  amount o f  144 added a t  the  o u tse t would be o f fs e t  by g re a te r  
d i f f i c u l ty  in  sep ara tin g  the  d es ired  product e f f ic ie n t ly ,  and in ­
convenience re su lt in g  from the  increased  bulk o f the  re a c tio n  m ixture, 
e sp e c ia lly  as more so lven t would be needed. Indeed, decreasing  th e  
concen tra tion  o f the re a c ta n ts  could w ell reduce the C -:O -a lky la tion  
r a t io ,  considering  th e  r e s u l ts  rep o rted  fo r  c y c lo h e x a n - l ,3 -d io n e . '^
Even i f  a s ig n if ic a n t  improvement could be obtained in  th i s  way, i t  
would be o f lim ited  use s in ce  a la rg e  pool o f  144 would have to  be 
accumulated.
A lkylations o f the  potassium  and th a lliu m (I)  eno la tes o f th ian -3 ,.5 - 
dione w ith e th y l 7-iodoheptanoate were performed fo r  comparison w ith  
th a t  of the  sodium d e r iv a tiv e ; lower le v e ls  o f  C -a lk y la tio n  were 
observed. A lky la tion  o f the  potassium  eno la te  in  dimethylformamide 
was s l ig h t ly  f a s te r  than a lk y la tio n  o f the  sodium en o la te , req u irin g  
th re e  hours a t  40° as opposed to  four hours. Hie C -:O -alky la tion  
r a t io ,  measured by g a s -liq u id  chromatography, was 1 :3 .0 . The r a t io s  
observed w ith  sodium and potassium  as c a tio n  followed th e  u su a l tre n d  
found in  a lk y la tio n s  of e n o la te s , no t the opposite  as i s  the case 
w ith  cyclohexan-1, 3-d ione.
Under heterogeneous conditions ( in  te tra h y d ro fu ra n ) , the  th a lliu m (I)  
eno la te  o f th ia n -3 , 5-dione did no t re a c t w ith  e th y l 7-iodoheptanoate 
a t  40° to  an ex ten t d e tec tab le  by g a s - liq u id  chromatography. Even
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on ad d itio n  o f the  h igh ly  (Lewis) b a s ic , d ip o la r  a p ro tic  so lven t 
hexamethylphosphoramide (described  on page 52), the  re a c tio n  was 
slow, req u irin g  28 hours a t  40°. The f in a l  O -alky la tion  r a t io ,  - 
estim ated  in  the usual w ay,w as 1:4 . This r e s u l t  i s  com patible w ith  
th e  known behaviour o f th a lliu m (I)  eno la tes o f o th er c y c lic  $-diketones, 
a lready  mentioned.
Although the  y ie ld  o f 47 was lim ite d  by the  poor C -:O -alky la tion  r a t io ,  
the  re s u l ts  obtained  from th e  in v e s tig a tio n  o f the  model compounds 
141 and 142 gave l i t t l e  promise o f improvement by in tro d u c tio n  o f 
a ,ft-u n sa tu ra tio n  in  the  a lk y la tin g  agent. F urther stages in  th e  
sy n th esis  o f  p ro stag lan d in  analogues were th e re fo re  c a rr ie d  out on 
47, as proposed in  Scheme 2.
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CONVERSION'.OF 2-ALKYLHIIAN-3,5-DIONES TO SIX-MEMBERED CYCLIC ENONES
DISCUSSION
Enol E thers o f Cyclic 3-Diketones
Two general methods are  av a ila b le  fo r  the  p rep ara tio n  o f enol e th e rs
o f c y c lic  3 -d ike tones. One m ethod/w hich takes advantage o f the f a c t
th a t  the enols o f 3-diketones are vinylogues of carboxylic ac id s , is
to  su b jec t the 3-diketone to  ac id -ca ta ly sed  " e s te r i f ic a t io n "  conditions
159This p r in c ip le  was f i r s t  employed by Frank and H a ll, who prepared 
the e th y l enol e th e rs  of dimedone and 5-isopropy lcyclohexan-l,3 -d ione 
(147 and 148) by re flu x in g  the diones w ith  ethanol and benzene in  the 
presence o f £ -to luenesu lphon ic  ac id , w ith  azeo trop ic  removal o f w ater. 
These conditions f a i le d  fo r  2 -m ethyl-5-isopropylcyclohexan-l,3-d ione 
(149), which was recovered n early  q u a n ti ta t iv e ly .
OCoH2 1 *5
147 R1
148 R
R" = CH3 
CH (cH 3) 2, R2 = H
CH
149
Frank and H a ll’s procedure has been widely u s e d ,^ ^  o ften  w ith  iso b u ty l
alcohol in  p lace o f e thano l. Examples o f products in c lu d e-th e  iso b u ty l
161enol e th e r o f 2-m ethylcyclohexan-l,'3-dione (150)
162enol e th e r  o f cyclohexan-l,3-dione,
and the  e th y l 
The l a t t e r  has a lso  been prepared
by the  re a c tio n  o f the  s i lv e r  ’’s a l t ” o f  cyclohexan-l,3 -d ione w ith  
e th y l iod ide .
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The second general method fo r  the p rep ara tio n  o f  enol e th e rs  o f  c y c lic
3-diketones depends on th e i r  high tendency to  be O -alkylated  under
b as ic  cond itions. Conditions which promote low C -:0 -a lk y la tio n  ra t io s
are chosen, fo r  in stan ce  use o f a lk y la tin g  agents having a s te r i c a l ly
70hindered a lk y l group such as isop ropy l, o r a "hard" leav ing  group 
such as p - to lu e n e su lp h o n a te . '^  S im ila rly , enol e s te rs  o f c y c lic  3_
70diketones may be prepared using  a t e r t i a r y  amine as base, and an acyl 
o r sulphonyl ch lo rid e .
Diazomethane has been used to  prepare methyl enol e th ers  of c y c lic  
3 - d i k e t o n e s i n c l u d i n g  th a t  of thian-3,.5-dione.^-^^
The spectroscop ic  p ro p e rtie s  o f enol e th e rs  o f c y c lic  3-d ike tones have 
been mentioned in  connection w ith the  a lk y la tio n  o f th ian -3 ,5 -d io n e  
(page 83). The corresponding enol e s te rs  have s im ila r  c h a r a c te r is t ic s ,  
w ith some d iffe ren ces  in  the  p o s itio n s  of absorp tion  bands. In  the  
u l t r a - v io le t ,  the wavelength of the tt+tt* band i s  sh o rte r  than  th a t  o f 
an enol e th e r , and in  the in f ra - re d  the s tre tc h in g  frequency o f the 
double bond w ith in  the r in g  is  h igher. The frequency o f th e  carbonyl 
s tre tc h in g  band o f the e s te r  function  is  h igher than th a t  o f  a s a t ­
u ra ted  a lk y l e s te r .
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P repara tion  o f Enones from 3-Diketone Enol E thers
Two stages are  involved in  the conversion o f 3 -d iketone enol e th ers
to  enones: reduction  o f the carbonyl function  to  a secondary a lco h o l;
and ac id -ca ta ly sed  hydro lysis  o f  the  reduction  product. Hie second
stage can be conveniently  incorporated  in to  the work-up o f the reduction
product, so the  conversion may be performed in  one p re p a ra tiv e  s te p .
A lte rn a tiv e ly , the in term ed ia te  3 -a lk o x y a lly lic  alcohol can be iso la te d
by ca re fu l a lk a lin e  work-up o f  the reduction  product. Considerable
69use has been made o f th is  enone sy n th e s is , includ ing  v a r ia tio n s  in
which the 3 -a lk o x y a lly lic  alcohol i s  derived  d if f e re n t ly ,  fo r  in stan ce
165 161from reac tio n s  of Grignard reagents o r lith iu m  ac e ty lid e  w ith
3 -d iketone enol e th e rs ; th e  l a t t e r  procedures give 3 - s u b s t i tu te d
enones. y -S u b stitu ted  enones may be obtained by a lk y la tio n  o f th e
166enol e th e r p r io r  to  reduction .
A p a r t ic u la r ly  good example is  the p rep ara tio n  of 2-cyclohexenone
167(156) from the  e th y l enol e th e r  o f cyclohexan-l,3 -d ione (151).
The mechanism o f the ac id  hydro lysis  s te p  in  th is  in stance  has been 
e lu c id a ted  by S ti le s  and Longroy. .
In p r in c ip le , a t  le a s t  two rou tes  may be envisaged fo r  the  conversion 
o f 3 -a lk o x y a lly lic  alcohol 152 to  enone 156 (Scheme 8^ , paths A and B ). 
S t i le s  and Longroy ^9,168 ^ave 5 ^ ^  conclusive ly  th a t  only pa th  A - 
a l ly l i c  rearrangem ent o f ,152 to  hem iacetal 155 follow ed by rap id  e lim i­
n a tio n  of ethanol -  is  im portant. Path B involves reg en era tio n  o f  the 
carbonyl function  o f  152, masked as i t s  e th y l enol e th e r , lead ing  
to  3 -k e to l 158. S t i le s  and Longroy proposed th e  mechanism shown in  
Path A on d iscovering  th a t  k e to l 158 (which they prepared by lith iu m  
aluminium hydride reduction  o f the mono-hem ith ioketal o f cyclohexan-
1 ,3 -dione followed by removal o f the  p ro te c tin g  group w ith Raney
100
Schem e 8
OEt
151
OEt
Path A
153
OEt
+ h 2o
154
OEt
LiAIH4
OH
152
V *
OEt
Path  B OH
-H +
HO OEt
157
Et = CoH2 ' *5
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n ick e l) is  converted to  156 a t  a r a te  slower than the form ation o f
8156 from 152 by a fa c to r  o f 10 . Indeed, 152 is  converted q u a n ti ta t iv e ly  
2 ■
to  156 by 10 M hydroch loric  ac id  a t  0°, conditions which have no 
measurable e f fe c t  on 158. In  more concentrated  ac id  (0.1 to  5M) 156 
and 158 are both converted to  an equ ilib rium  m ixture in  which the
r a t io  156:158 is  2.39±0.09:1. 168 Evidence fo r  Path A was obtained
(a) from a k in e t ic  study, which showed th a t  the  transfo rm ation  o f 
152 to  156 follow s a f i r s t - o r d e r  r a te  law, th e  r a te  constan t being 
d ir e c t ly  p ro p o rtio n a l to  th e  hydrogen ion concen tra tion , and (b) by 
performing the re a c tio n  in  ^O -en rich ed  w a te r .^  The r e s u l ts  o f  th e  l a t t e r  
experiment showed th a t  the  oxygen of 156 is  derived  from the  so lv e n t, 
bu t the oxygen of the  elim inated  ethanol is  n o t. I t  was concluded th a t  
the l ife tim e  o f the a lk o x y a lly lic  ca tio n  154 is  s u f f ic ie n t  to  allow 
e q u ilib ra tio n  between w ater molecules so lv a tin g  the  ca tio n  and those 
o f the  bulk o f the  so lv en t. A lte rn a tiv e  mechanisms in  which th e  
ketone oxygen would be derived from the  ethoxy group were ru le d  ou t.
OH
OCH
159
OH
160 161
169Wenkert and S trik e  encountered an example in  which th e  mechanisms
of paths A and B were in  com petition. The ac id -ca ta ly sed  h y d ro ly sis
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of 3 -a lk o x y a lly lic  alcohol 159, in  which the  hydroxyl group is  quasi- 
e q u a to r ia l, i s  somewhat slow, and leads to  both enone 160 and k e to l 
161. In e th an o lic  IN -sulphuric ac id  conversion was complete in  5 
m inutes, approxim ately equal amounts o f enone and k e to l being formed; 
in  O.OlN-acid conversion was incomplete a f te r  36 hours and th e  k e to l 
was the  predominant product. In c o n tra s t ,  the isom eric 3 -a lk o x y a lly lic  
alcohol 162 was re a d ily  converted to  enone 163 by O.OlN-acid;
O
T vi ^
H
163
The iso la te d  k e to l 161 was u n affec ted  by e i th e r  co n d itio n s , bu t was 
converted q u a n tita tiv e ly  to  enone 160 on being refluxed  fo r  2  hours 
in  e th an o lic  2N -sulphuric ac id . Thus 161 could no t have been formed 
v ia  the mechanism o f path  A and e q u ilib ra tio n  o f  enone 160, nor could 
160 have been formed v ia  the  mechanism of path  B. The anomalous r e s u l ts  
obtained  w ith '159 were th e re fo re  due to  the  path  A process being 
unusually  slow, and the  g re a te r  p reference fo r  enone form ation in  the  
more concentrated a c id  showed th a t  the ra te  o f th is  process was more 
dependent on the hydrogen ion concen tra tion  than was the  r a te  o f form­
ation- of k e to l 161.
The authors pointed out th a t  the t r a n s i t io n  s ta te  fo r  form ation of 
ca tio n  154 from 153 in  path  A is  s ta b i l i s e d  by overlap between th e  
p -o rb i ta ls  o f the departing  oxygen atom and the ad jacen t double bond.
The r ig id  geometry a t  p o s itio n  9 o f 159 is  unfavourable to  such o v erlap , 
whereas in  s itu a tio n s  where the  hydroxyl group is  a x ia l ,  and in  a c y c lic
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OCH
162
OH
or f le x ib le  c y c lic  system s, a s u ita b le  conformation can be rea d ily  
a tta in e d . Hie f l e x ib i l i t y  a t  p o s itio n  7 o f 162 is  apparen tly  s u f f ic ie n t  
to  allow p a r t ia l  p -o rb i ta l  overlap  in  the  isomer having a quasi-equ- 
a to r ia l  hydroxyl group.
An e a r ly  a p p lica tio n  to  p ro stag lan d in  sy n th esis  o f the method described
170
above was the  p rep ara tio n  o f enone 165 from enol e th e r 164. Selec­
t iv e  reduction  o f the ketone carbonyl groups o f 164 was accomplished 
w ith  sodium borohydride in  isopropyl a lcoho l.
O OCH3 o
164, 165
More recen t a p p lica tio n s  to  p ro stag lan d in  sy n th esis  have been rep o rted  
by S ih ’s group.237 The p rep ara tio n  of enone 168 from diketone 166 70 
was performed in  two ways, v ia  enol benzoate 169, and v ia  isopropyl 
enol e th e r  170. Conversion o f 166 to  169 by trie th y lam in e  and benzoyl 
ch lo rid e  was accompanied by benzoylation  o f  the  alcohol fu n c tio n , 
giving 167. The e ff ic ie n c y  o f the p rep ara tio n  o f 170 using  potassium  
carbonate and isopropyl iodide in  re flu x in g  acetone was lim ite d  by th e  
form ation o f the isom eric enol e th e r  171. The in term ed ia tes  169 and 
170 were each reduced w ith sodium b is  (2-methoxyethoxy)aluminium 
hydride in  te trah y d ro fu ran  a t — 7-8° ;■ the p ro p e rtie s  o f th i s  reducing 
agent include s e le c t iv i ty  a t  low tem peratures and high s o lu b i l i ty  
in  hydrocarbon so lv en ts . Hydrolysis o f  the  reduction  product from 
benzoate 169 to  enone 168 was accomplished in  26 hours using  a c e tic  
ac id  -  w ater, *3:1, a t  37°. The reduction  product from isopropy l e th e r
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170 was hydrolysed in  two hours by aqueous hydrochloric ac id , pH 2.5
a t  25°.
coc6H5
c o 2c h 3 c o 2c h 3
168
170 R
COC6H5
c h (c h 3).
c o 2c h 3
o c h (c h 3).
171
The c lo se ly -re la te d  p rep ara tio n  o f enone 173 from diketone 172 
was accomplished v ia  m esitylenesulphonate 174. Although p rep a ra tio n  
o f 174 from 172 using trie th y lam in e  and 2-m esitylenesulphonyl ch lo rid e  
was accompanied by form ation o f isomer 175, the  ex ten t o f th is  s id e -  
re ac tio n  was r e la t iv e ly  sm all, and sep ara tio n  o f  the  isomers was no t 
necessary . Reduction w ith sodium b is  (2-methoxyethoxy)aluminium 
hydride in  to luene a t  -70° was followed by hydro lysis  under m ild 
conditions (o x a lic  acid  -  sodium o x a la te  -  chloroform , two hours a t  
room tem perature).
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c h 3
II
HO
173
RO,
CH
i
HO
C 0 2CH3
174 175
R = mesitylenesulphonyl
The u l t r a - v io le t  sp ec tra  o f six-membered cy c lic  conjugated enones 
show a s tro n g , pH-independent absorp tion  band a t wavelengths
approximately 30 run sh o rte r  than those o f the  enols of th e  d iketones 
from which they are derived . Their in f ra - re d  sp ec tra  ty p ic a l ly  have 
a singl'e band in  the  C=0 and C=C s tre tc h in g  region due to  th e  enone 
system, a t about 1675. cm
RESULTS
Before proceding w ith  th e  enone syn th esis  proposed in  Scheme 2 (47 
51), model experiments to  f in d  su ita b le  procedures were performed 
on the  conversion o f diketone 142 to  enone 176.
142
^ C O , C H
176
1 0 6
RO
122 R = CH2CH(CH3) 2
i t s  R = CH(c H3) 2
179 R - COC6H5
The f i r s t  experiment in  th is  s e r ie s  was an attem pt to  prepare iso b u ty l 
enol e th e r  177 by re flu x in g  142 in  iso b u ty l alcohol - benzene w ith a 
c a ta ly t ic  q u an tity  of p-to luenesulphonyl c h lo rid e . Water was removed 
from the  azeo trop ic  d i s t i l l a t e  by means o f a Dean-Stark sep a ra to r .
The progress of the re a c tio n , monitored by g a s - liq u id  chromatography 
on a s il ic o n e  0V1 column a t 240°r  was very slow; a f te r  .21 hours 
re flu x  the  diketone p ea k . (4 minutes) was not n o ticeab ly  reduced in  
s iz e ,  although a small product peak (8 m inutes, a rea  le s s  than  5% o f 
diketone peak) d id  appear. The re a c tio n  m ixture had darkened con­
s id e rab ly  during th is  tim e.
The conversion of diketone 142 to  i t s  isopropyl enol e th e r  178 by 
treatm ent w ith  a s l ig h t  excess o f potassium  carbonate and isopropyl 
iodide in  re flu x in g  acetone proceeded a t  a more u se fu l r a te .  The 
m ixture was reflu x ed  fo r  a few minutes befo re  the isopropyl iod ide 
was added, to  allow form ation o f the  potassium  eno la te  o f 14-2. Gas- 
l iq u id  chromatography o f re ac tio n  m ixture samples showed the d isapp­
earance o f most o f  the fre e  diketone. Excess isopropyl iod ide  was 
added, and i t s  consumption monitored by g a s -liq u id  chromatography on 
a s il ic o n e  0V1 column a t  50°, a t  which tem perature the  h a lid e  e lu te d  
a fte r. 3-m inutes. The ra te  of a lk y la tio n  apparen tly  f e l l  w ith  tim e, 
the ex ten t o f  the re ac tio n  being approxim ately 60% a f te r  16 hours
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re f lu x  and 80% a f te r  86 hours. The sample taken a t  86 hours was a lso  
chromatographed a t  a column tem perature o f 240°; products e lu tin g  
a t  5 and 6 minutes were d e tec ted , iil peak area  r a t io  1 :25, in  a d d itio n  
to  a peak corresponding to  fre e  142 (about 20% of the to t a l  peak' a r e a s ) . 
On a c id if ic a t io n  o f the  sample, the  major product peak v i r tu a l ly  
d isappeared, and the area o f the  diketone peak was quadrupled; the 
minor product was u n affec ted . The f a c i le  hydro lysis o f the main product 
to  s ta r t in g  d iketone 142 s tro n g ly  suggested th a t  i t  was the d es ired  
enol e th e r  178, and the a c id - re s is ta n t  minor product was probably 
180, re su lt in g  from C -a lky la tion  o f  142 .
COCH
180
The re a c tio n  was complete, as judged by the s iz e  of the isopropyl 
iodide peak, a f te r  135 hours re f lu x . Refluxing was continued to  a 
t o t a l  o f 168 hours, and the re ac tio n  m ixture worked-up by d i lu t io n  
w ith  w ater, making s l ig h t ly  a lk a lin e  by ad d itio n  of sodium hydroxide, 
and e x tra c tio n  w ith d ie th y l e th e r . The crude product, an o i l ,  was 
obtained in  75% y ie ld . I t s  g a s -liq u id  charomatographic behaviour 
was s im ila r  to  th a t  o f  the  sample described  above, except th a t  the  
peak fo r  s ta r t in g  diketone 142 was a l i t t l e  sm aller (about 15% o f 
the to ta l  peak a re a s ) , and isopropyl iodide was absent (as expected 
from i t s  v o l a t i l i t y ) .  The proposed s tru c tu re  o f the  p r in c ip a l p roduct, 
178, was supported by in f ra - re d  and u l t r a - v io le t  sp e c tra . The in f r a ­
red spectrum contained strong  bands a t  1640 and 1600 cm  ^ assigned  
to  the r in g  carbonyl group and double bond, and a doublet w itli
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maxima a t  1386 and 1373 cm c h a ra c te r is t ic  o f  th e  symmetric deform ation 
o f geminal dimethyl groups (fo r isopropyl iodide th is  doublet appeared 
a t  1381 and 1369 cm ^ ) . The u l t r a - v io le t  spectrum was s im ila r  to  th a t  
o f  142 in  having strong  absorp tions a t  210. and 271 nm, as expected 
fo r  178, but was not a ffe c te d  by increasing  th e  pH of the  sample.
Comparison o f g a s - liq u id  chromatographic r e s u l ts  obtained befo re  the 
isopropyl iodide was added, during the  course o f  the  re a c tio n , and 
from the  crude product showed th a t  the amount o f f re e  d iketone 142 
had been much th e  same throughout. The f a i lu r e  o f the re a c tio n  to  
proceed to  completion was th e re fo re  probably due to  the  i n i t i a l  in ­
complete conversion o f the diketone to  i t s  potassium  en o la te . A 
b r ie f  experiment w ith  a small sample o f  142 showed th a t  th i s  conversion 
could be made complete by in creasin g  the excess o f potassium  carb­
onate.
The crude isopropyl, enoi e th e r  178 was converted to  enone 176 v ia  
reduction  w ith e ig h t equ ivalen ts .of sodium b is  (2-methoxyethoxy) aluminium 
hydride in  te trah y d ro fu ran  a t  -78°. The excess reducing agent was 
quenched a f te r  one hour, by ad d itio n  of*a te trah y d ro fu ran  so lu tio n  
o f a c e tic  ac id . For work-up, the reduction  m ixture was warmed to  
room tem perature, poured in to  w ater and ex trac ted  w ith  e th e r .  The 
in f ra - re d  spectrum o f the  crude product suggested th a t  i t  was a m ixture 
o f 3 -a lk o x y a lly lic  alcohol 181 (there  was a hydroxyl band a t  3450 cm \  
broad, but le s s  d iffu se  than  those o f enols) a n d 's ta r t in g  enol e th e r  
(1640 and 1600 cm ^ ) . The band near 1675 cm  ^ a n tic ip a te d  fo r  enone 
176 was absen t, so i t  seemed th a t  n e g lig ib le  hydro lysis  o f  the  reduc­
tio n  product had occurred during i t s  b r ie f  exposure to  aqueous a c e tic  
ac id . This contention  was supported by the  weight of th e  crude p roduct, 
which was g re a te r  than the  th e o re tic a l  y ie ld  of enone 176. An u l t r a ­
v io le t  spectrum merely in d ica ted  the presence o f unchanged enol e th e r  178.
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isi R = c h ( c h 3) 2
1§2 R = C O C 6H5
- 2The crude reduction  product was hydrolysed w ith  1.5 x 10 M -hydrochloric 
ac id  in  aqueous te trah y d ro fu ran . The hydro lysis  product was obtained 
as an o i l  in  12% crude y ie ld  (from 178) by e x tra c tio n  w ith  e th e r  a f te r  
22 hours. I t s  in f ra - re d  spectrum had a broad band a t  1665 cnf^ char­
a c t e r i s t i c  o f a conjugated enone, and the  hydroxyl band a t  3450 cm-1 
was absent. G as-liqu id  chromatography on a s i l ic o n e  0V1 column a t 
240° showed a product (presumably 176) a t 2 minutes, and unchanged ,
178, in  approximate r a t io  3 :2; sev e ra l sm aller peaks were p re sen t.
A small sample of enone 176 fre e  o f  enol e th e r  178 was obtained  by 
chromatography of the crude hydro lysis  product on f l o r i s i l  (the  f in a l  
y ie ld  from 178 was 8%). Evidence fo r  i t s  s tru c tu re  was obtained  from 
i t s  in f ra - re d  spectrum , which showed a strong  enone band a t  1670 cm 
and i t s  u l t r a - v io le t  spectrum, which had an in ten se  absorp tion  maximum 
a t  240 nm. In  the in fra -red 'sp ec tru m , the  s tre tc h in g  band fo r  th e  
double bond, in  the s id e -ch a in  was apparen tly  obscured by th e  band a t  
1670 cm However, the p o s itio n  of the e s te r  carbonyl band (1720 
cm  ^ ) was ty p ic a l o f a c ro to n a te , and a band c h a ra c te r is t ic  o f  the  
C-H deform ation of a t r a n s - 1 ,2 -d is u b s ti tu te d  ethylene was p resen t 
(987 cm ^ ) . The absence o f  178 was dem onstrated by g a s - liq u id  chroma­
tography, which d id  however show some u n id e n tif ie d  im p u ritie s . F u rther 
c h a ra c te r is a tio n  was th e re fo re  not attem pted; n ev e rth e le ss , the  
experiment was valuab le  as a model study since  u sefu l inform ation  about 
the procedures employed had.been gained, and th e re  were s tro n g  in d i­
cations th a t  a s a tis fa c to ry  experim ental procedure could be developed
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from them.
A th i rd  model experim ent, d ire c te d  to  the  p rep ara tio n  o f enone 176 v ia  
enol benzoate 179, was performed fo r  comparison w ith  the  rou te  v ia  
isopropyl enol e th e r  178. The O -acylation  o f diketone 142, w ith  two 
equ ivalen ts each o f trie th y lam in e  and benzoyl ch lo rid e  in  te tra h y d ro ­
furan  a t  room tem perature, was f a s t  compared to  the  a lk y la tio n  w ith  
potassium  carbonate and isopropyl iodide in  re flu x in g  acetone. The 
ex ten t o f the  a cy la tio n  was g re a te r  than th a t  o f the a lk y la tio n , as 
could be expected from the g re a te r  excess o f reagents used. The 
acy la tio n  m ixture was f i l t e r e d  from 1.5 equ ivalen ts o f triethylammonium 
ch lo rid e  and the  f i l t r a t e  was concentrated . The in f ra - re d  spectrum 
of the crude product contained a band a t  1787 cm \  c h a ra c te r is t ic  o f 
benzoyl ch lo rid e ,, and indeed the product was overweight by an amount 
corresponding to  0 .5  equ ivalen ts o f th is  reagen t. Thus the conversion 
of diketone 142 to  benzoate 179 had been very e f f ic ie n t ,  bu t was 
dependent on the  excess of reag en ts , s in ce  1.5 equ ivalen ts of benzoyl 
ch lo ride  had been consumed; th is  e f fe c t  was presumably due to  a c c i­
den ta l ingress of w ater. Pure enol benzoate 179 was obtained  in  81% 
y ie ld  (from 142) a f te r  chromatography o f the  crude product on f l o r i s i l .  
I t s  p u r ity  was e s ta b lish ed  by th in  la y e r  and g a s-liq u id  chromatography 
(nothing e lu ted  from a s il ic o n e  0V1 column a t  240° during 30 m in u tes). 
The in f ra - re d  spectrum o f 179 had a strong  e s te r  carbonyl band a t  
1738 cm  ^ (v iny l benzoate) w ith  a shoulder in  i t s  low frequency s id e  
(methyl e s te r )  . The s tre tc h in g  band fo r  th e  s id e -ch a in  double bond 
was ju s t  reso lved  (1656 cm ^ ) ; i t  had a low-frequency shou lder, a s s ig ­
ned to  the  r in g  double bond. The rin g  carbonyl band appeared a t  1675 
cm \  and ty p ic a l bands fo r  the arom atic r in g  o f a benzoate were 
p resen t. The u l t r a - v io le t  spectrum of 179 had a strong  abso rp tion  
a t 236 nm, midway between v a lu e s . p red ic ted  fo r  the  arom atic and enone 
chromophores. On in creasin g  the  pH of the  sample the  spectrum resembled
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th a t o f diketone 142 a t  high pH, in d ica tin g  th a t  th e  benzoate was 
re a d ily  sap o n ified . .
The reduction  o f enol benzoate 179 was conducted in  the  same way as 
th a t  o f isopropyl enol e th e r  178, except th a t  the  amount o f sodium 
bis(2-methoxyethoxy)aluminium hydride was more than tre b le d  (28 equi­
v a len ts  were u sed ), and th e  re a c tio n  time was doubled. These m odifi­
ca tions led  to  a crude reduction  product f re e  o f s ta r t in g  m a te r ia l, 
whose weight corresponded to  a 97% y ie ld  o f B -benzoyloxyally lic alcohol 
182. The absence o f 179, and o f 176, was apparent from th e  in f ra - re d  
spectrum, which had no band near 1670 cm There were s trong  bands 
a t  1738, 1711 and 1690 cm (the l a s t  not w ell resolved) assig n ab le  
to  the benzoate and cro tonate  carbonyl groups and r in g  double bond 
o f 182, and bands due to  the  arom atic r in g .
Attempts to  b ring  about the acid  hydro lysis  o f 182 met w ith  f a i lu r e .
In the  f i r s t ,  the  reduction  product was tre a te d  w ith  a c e tic  ac id  -
w ater 3:1 a t  37°, conditions rep o rted  to  be successfu l fo r  a s im ila r  
70case (page 104) . Samples were taken a t  in te rv a ls  fo r  g a s - liq u id
chromatography, but none o f  the  d es ired  product, enone 176, was 
d e tec ted . Work-up a f te r  120 hours re su lte d  in  80% recovery o f 182, 
whose in f ra - re d  spectrum d iffe re d  from th a t  o f  the crude red u c tio n  
product only in  th a t  th e  hand fo r  the  r in g  double bond (1687 cm ^) 
was b e t te r  reso lved . I t s  u l t r a - v io le t  spectrum showed a strong  band 
a t  242 nm, which was lo s t  w ith  increasing  pH, presumably because 
th e  benzoate function  was sapon ified . For the  second hyd ro ly sis  a ttem pt, 
the  recovered 182 was tre a te d  w ith  hydroch loric  ac id  in  aqueous t e t r a ­
hydrofuran (pH 2.5) a t  25°. Once again no 176 was formed as judged 
by g a s - liq u id  chromatography. On work-up a f te r  240 hours i t  was found 
th a t  most o f the  182 had been converted to  ta r ry  m a te ria l which was 
in so lu b le  in  d ie th y l e th e r . A small q u an tity  o f a yellow o i l  was
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recovered; i t s  in fra - re d  spectrum showed th a t  i t  was a benzoate, 
bu t i t  d if fe re d  from th a t  o f  182 in  the  C=0/C=C s tre tc h in g  reg ion .
The key in term ediate  in  the  rou te  to  thianone analogues o f p rostag land ins 
o u tlin ed  in  Scheme 2, enone 51, was prepared from diketone 47 v ia  
isopropyl enol e th e r  _50. This choice o f  ro u te  followed from the  re su lts -  
o f the model experiments described  above.
R
C 0 2 R
50
145 R  = C H
C 0 2 R
5i R  = C 2 H 5
183 R  -  C H 3
The p rep ara tio n  o f isopropyl enol e th e r  50 was conducted under the  
conditions used to  prepare model compound 178, except th a t  a la rg e  
excess o f potassium  carbonate was used, re su ltin g  in  complete con­
sumption o f the  s ta r t in g  dione. The re a c tio n  was r e la t iv e ly  f a s t ,  
and could conveniently  be performed by re flu x in g  overn ight (16 
h o u rs) . I t s  progress was monitored by g a s - liq u id  chromatography, 
using a s il ic o n e  0V1 column a t  250°. Products e lu tin g  a t  7 and 8 
minutes w ith r e la t iv e  peak areas 10:90 were d e tec ted . On a c id i f ic a t io n
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of a sample o f the  re a c tio n  m ixture w ith  d i lu te  hydroch loric  ac id , 
the major product was g radually  converted to  s ta r t in g  dione 47_ 
(re te n tio n  time 6 m inutes) as expected fo r  th e  d esired  product 50, 
the hydro lysis  being 99% complete in  t h i r t y  m inutes. The minor 
product was u n affec ted , and may th e re fo re  have been the C-propyl 
isomer 184.
CO2C2H5
184
The r a t io  o f  the  two products was independent o f whether the  s ta r t in g  
m a te ria l 47 had b e e n .re c ry s ta ll is e d . In e i th e r  case th e  crude product 
was a brown o i l .  The y ie ld  from re c ry s ta l l i s e d  47 was 97%; from 
n o n -re c ry s ta ll is e d  m ate ria l i t  was 89% a f te r  charcoal deco lourisation ,- 
a le s s  in te n se ly  coloured product being ob tained . Since r e c r y s t a l l i ­
s a tio n  o f 47 was no t very e f f ic ie n t ,  the  o v e ra ll y ie ld  o f 50 from 
th ian -3 ,5 -d io n e  was b e t te r  when i t  was om itted (24%) than i f  no t (13%).
Supporting evidence th a t  the  p r in c ip le  component was 50 was provided 
by spectroscop ic  measurements o f the  crude product obtained  from non- 
r e c ry s ta l l i s e d  47. The in f ra - re d  spectrum showed strong  r in g  carbonyl 
and double bond s tre tc h in g  bands a t  1640 and 1602 cm \  and a geminal 
dimethyl doublet a t  1384 and 1371 cm The u l t r a - v io le t  spectrum 
had an in te n se , pH-independent absorp tion  maximum a t  272.5 nm, a 
wavelength s im ila r  to  th a t  fo r  the enol o f 47, as expected. In  the  
proton n u clear m agnetic resonance spectrum, the 0 -isop ropy l group 
gave r is e  to  a doublet a t  r  8.68 (CHCCH )^2 ) coupled to  a hept e 't a t
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t 5.48 (OCH . The outermost l in e s  were not v is ib le ,  but the  f iv e  
l in e s  th a t  were seen had the  c o rre c t r e la t iv e  in te n s i t ie s  fo r  a 
h e p te t) . The f i r s t  methylene group o f th e  s id e -ch a in  appeared as a 
t r i p l e t  a t  t 7 .70, showing th a t  i t  was a ttached  to  a f u lly - s u b s t i tu te d  
carbon atom bearing  a double bond. As in  O -alkylated  dione 144, the  
CH2SCH2 system gave r is e  to  two s in g le ts  a t  t 6.50 and 6.74. Evidence 
th a t  the  im purity asso c ia ted  w ith  50 was 184 was provided by a weak 
s in g le t  a t  t 6 .66, assigned to  i t s  rin g  methylene groups. The in te n s i ty  
of th is  s ig n a l (0.4H) confirmed th a t  the  concen tra tion  o f  the  im purity  
was 10%.
The reduction  of isopropyl enol e th e r  50 was attem pted w ith  sodium
borohydride in  methanol a t  0°, conditions known to  be s u ita b le  fo r
the s e le c tiv e  reduction  o f  ketones in  the presence o f carboxy lic  e s te r  
171groups. Four equ ivalen ts o f the  reducing agent were used. The 
progress o f the  re ac tio n  was followed by g a s - liq u id  chromatography, 
using the  conditions, employed during the  p rep ara tio n  o f 50. When 
samples o f the  reduction  m ixture were app lied  d ir e c t ly  to  th e  column, 
peaks were observed a t  4, 5, 6, 7 and 8 m inutes. None o f th ese  were 
p a r t ic u la r ly  la rg e , implying th a t  the  p r in c ip le  components o f th e  
re a c tio n  m ixture were bound to  m etal. More u se fu l r e s u l ts  were ob­
ta in e d  from samples a c id if ie d  w ith  d i lu te  hydroch loric  ac id , which 
gave la rg e  peaks a t  4, 6 and 8 minutes and a sm all one a t 7 m inutes.
On s tand ing , the component e lu tin g  a t  8 minutes (50) was g rad u a lly  . 
l o s t ,  the  time req u ired  fo r  99% consumption being th i r t y  m inutes.
At the  same tim e, the peak a t  6 minutes g radually  grew; i t  d i s ­
appeared on subsequent ad d itio n  o f sodium hydroxide, so i t  was assigned  
to  dione _47. The peaks a t  4 and 7 minutes were unaffec ted  by th ese  
co nd itions. The component e lu tin g  a t  5 m inutes, absent in  a c id if ie d  
samples, was suspected to  be 3 -a lk o x y a lly lic  alcohol 185, fo r  which 
rap id  hydro lysis  by hydrochloric ac id  was a n tic ip a te d . The component
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e lu tin g  a t  4 minutes was assumed to  be enone _51, th e  product o f  the 
h yd ro lysis  of 185; th is  assignment was la te r ' confirmed.
The r a t io  o f the  areas of th e  peaks due to  51 and 50 given by a c id if ie d  
samples was 40:60 a f te r  80 minutes re a c tio n  time and 50:50 a f t e r  2 
hours. The e a r l i e r  sample effervesced  on th e  ad d itio n  o f ac id , showing 
th a t  sodium borohydride was s t i l l  p re se n t, but the l a t e r  sample d id  
n o t, in d ic a tin g  th a t  most o f  the hydride had been consumed by so lv o ly s is . 
The r a t io  o f '■ 51 to  50 was unchanged when th e  whole re a c tio n  m ixture 
was a c id if ie d  90 minutes l a t e r .  The m ixture was then s t i r r e d  a t  room 
tem perature fo r  60 hours, to  ensure complete conversion o f the  un­
changed 50 to  a c id ic  dione 47, which was subsequently removed by r e ­
p lac ing  the  so lven t w ith  d ie th y l e th e r  and prolonged shaking w ith  
aqueous sodium b icarbonate .
G as-liqu id  chromatography of the  hyd ro lysis  m ixture showed th a t  two 
new components were produced during th e  long exposure to  a c id if ie d  
methanol, e lu tin g  ju s t  before enone 5il and dione 47. The second o f 
these  had the  same re te n tio n  time as methyl e s te r  145, and was removed 
by th e  sodium b icarbonate  treatm ent as expected fo r  th is  compound.
Thus i t  was apparent th a t  a lky l exchange w ith  the so lven t had taken  
p lace , and the o th e r new component was probably methyl e s te r  185 
derived from enone 51.
CO2Q2H5
185
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The y ie ld  o f crude 5T obtained  from the reduction -hydro lysis  sequence 
in  methanol was 49V. G as-liqu id  chromatography showed th a t  i t  
contained the components be lieved  to  be 185 and 51, and the im purity 
e lu tin g  a t  7 m inutes, in  approximate r a t io  o f peak areas 20:65:15. 
M ateria l fre e  o f the  l a t t e r  im purity  was obtained  in  25% o v e ra ll y ie ld  
v ia  column chromatography on f l o r i s i l ;  i t s  in f ra - re d  and u l t r a - v io le t  
sp e c tra  were compatible w ith  s tru c tu re  51*
•The problems of so lv o ly s is  o f 'th e  reducing agent and a lk y l exchange 
were a l le v ia te d  in  l a t e r  runs by changing the rea c tio n  so lv en t from 
methanol to  e thano l. As an ad d itio n a l p recau tion  ag a in st so lv o ly s is , 
the  q u an tity  o f sodium borohydride was in creased  to  s ix  eq u iv a len ts .
The reduction  o f 50 was slower in  ethanol than in  methanol, re q u itin g  
about 20 hours a t room tem perature, but the  much slower so lv o ly s is  
o f  the reducing agent p e m it te d  complete reduction . (In .one run 
vigorous effervescence was observed on a c id if ic a t io n  o f th e  re a c tio n  
m ixture a f te r  50 hours a t  room tem perature).- Hydrolyses were conducted 
by cooling the  re a c tio n  m ixture to  below -10°, adding s u f f ic ie n t  
c h il le d  d i lu te  hydroch loric  ac id  to  give a f in a l  con cen tra tio n  o f  
about 0.05M, and s t i r r in g  a t  room tem perature fo r  1 hour.
U nfortunately , the crude products obtained when ethanol was used as 
so lven t contained a g re a te r  p roportion  o f th e  component o f g a s - l iq u id  
chromatographic re te n tio n  time 7 minutes than  when methanol was used , 
the  r a t io  o f d es ired  to  undesired product now being about 65:55.
Crude y ie ld s  o f 101-104% were ty p ic a l ,  suggesting  th a t  th e  by-product 
had a h igher m olecular weight than enone 5T. E f f ic ie n t  sep a ra tio n  
o f the  two by chromatography was d i f f i c u l t  because the  by-product 
e lu ted  very soon a f te r  the desired  enone. The re s u l ts  o f chromato­
graphy on various adsorbents are  summarised in  Table 5. With th e  b e s t 
o f th ese , s i l i c a  gel - c e l i t e  545, 5 :1 , the  o v e ra ll y ie ld  o f enone
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51 from thian-3,5-dione was 9.5%.
TABLE 5 .
Chromatographic P u r if ic a tio n  o f Enone 51
ADSORBENT LOADING . RATIO RECOVERY OF PURE 51
(adsorbent:crude 51, w/w) (% crude 51)
N eutral alumina ' 25 . 0
F lo r i s i l  25 29
S i l ic a  gel 60 28a .
S i l ic a  g e l— c e l i t e  545, 5:1 50-60 38-39
p lus a f ra c t io n  90% pure by g a s -liq u id  chromatography (10% recovery)
The u l t r a - v io le t  spectrum o f  enone _51 had an in ten se  pH-independent 
absorp tion  maximum a t  a sh o rte r  wavelength (242 nm) than dione 47 and 
enol e th e r  50, as expected, and i t s  in f ra - re d  spectrum showed a s trong  
band a t 1671 cm  ^ due to  the  enone system. In the proton n u c lea r magnetic 
resonance spectrum, the  ring  methylene groups appeared as a doublet 
a t  t 6.63 (SQ y® ) and a s in g le t  a t  t 6.68 (SCIL,CO). The o le f in ic  
p roton gave r i s e  to  a t r i p l e t  a t  t 3.24 having f in e  s p l i t t i n g  due to  
coupling to  the  f i r s t  methylene group o f the s id e -c h a in , which appeared 
as a t r i p l e t  a t  t 7 i 76 s im ila r  to  th a t  observed fo r  isopropyl e th e r  
50. F urther evidence fo r  s tru c tu re  51^  was l a t e r  obtained  from the  
mass spectrum o f the corresponding carboxylic  ac id  186.
O
Spectroscopic measurements o f the  by-product of g a s - liq u id  chromato­
graphic re te n tio n  time 7 m inutes, iso la te d  as an o i l  by chromatography 
on f l o r i s i l  (30% recovery) showed th a t  i t  was d io l 187. There was 
no in ten se  u l t r a - v io le t  absorp tion  above 210 nm, and the in f ra - re d  
spectrum showed a s trong  hydroxyl band a t 3480 cm th e  so le  carb­
onyl s tre tc h in g  band (1732 cm "^ ) was assigned to  the a l ip h a tic  e s te r  
function . In the  mass spectrum, th e  m olecular ion (290 a .m .u .) was 
not v is ib le ,  bu t th e re  was an in ten se  peak a t  254 a.m .u. corresponding 
to  lo ss  o f  2 H2 O. Other fragment ions observed included those c o rr­
esponding to  lo ss  o f C2H50, H20 + C2H5'0, 2H20 + C ^ O , H20 + C ^ O . C(0H)=CH2 
+ H and 2H20 + C2H^O.C(OH)=CH2 + II from the  m olecular ion.
The presence o f a high m olecular weight im purity , p o ssib ly  isopropyl 
e th e r  188, was in d ica ted  by a m olecular ion peak o f very low in te n s i ty  
a t  332 a .m .u ., and r e la t iv e ly  in ten se  fragment ion peaks corresponding 
to  lo ss  o f  H20, C2H^0, and H20 + C^H^. The im purity  could a l te rn a t iv e ly  
have been d io l 189, formed by reduction  o f dione 184 b e liev ed  to  be 
asso c ia ted  w ith enol e th e r  50, bu t th is  assignment was le s s  l ik e ly  
since  th ere  was no peak corresponding to  lo ss  of 2H20.
OR
OH
187 R = R = H
188 R .= Ch (c H3) 2 , R1 = H
189 R = H, R1 = CH (c H3) 2
The proton n u clear m agnetic resonance spectrum o f the  by-product provided 
l i t t l e  p o s itiv e  in form ation , although i t  was no t incom patible w ith  
s tru c tu re  187. There was no sharp s in g le t  near t 6 .7 , suggesting
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the absence o f an SCL^CO fragm ent. In stead , th e re  was a complex s ix -  
pro ton  p a tte rn  o f s ig n a ls  between t  6 .0  and 7 .6 , assigned to  th e  r in g  
methylene and carb ino l methine' protons of 187. The complexity could 
have been p a r t ly  due to  two or th re e  geom etric isomers being p re sen t.
No d e f in ite  s ig n a ls  were seen fo r  the  remaining methine and th e  hydroxyl 
p ro tons, bu t the  in te g ra te d  r e la t iv e  in te n s i ty  between t  7.9 and 9.1 
was s u f f ic ie n t  to  include them.
Another by-product o f the  sodium borohydride re d u c tio n ’o f enol e th e r
50 was obtained by fu r th e r  e lu tio n  o f the f l o r i s i l  column (12% recovery ).
This component (m.p. 47-48° a f te r  r e c ry s ta l l is a t io n )  was assigned s tru c tu re
190. As in  the  case o f d io l 187, the  u l t r a - v io le t  spectrum showed no
strong  absorp tion  above 210 nm. The in f ra - re d  spectrum in d ica te d  the
presence o f hydroxyl and e s te r  groups (3450 and 1728 cm ^ ) , and a lso
_1
a ketone carbonyl group (1707 cm ) .  The mass spectrum showed the 
expected m olecular ion a t 288 a .m .u ., which fragmented w ith  i n i t i a l  
lo ss  o f H^O, C^H^O, ^2H5^ + o r C2HfjO.C(OH)=CH2 + m etastab le  
peaks were p resen t fo r  a l l  but the  l a s t  of these  t r a n s i t io n s .  Loss 
o f 21^0 was not observed, in d ic a tin g  th a t  only one a lco h o lic  hydroxyl 
group was p re sen t.
O
OH
190 191
In  c o n tra s t to  187, the  proton n u c lea r magnetic resonance spectrum  o f  
k e to l 190 was very inform ative. The hydroxyl proton appeared as a 
sharp doublet a t  t 7.57 coupled to  th e  s ig n a l fo r  th e -c a rb in o l methine
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pro ton , an approximate doublet a t  t 5.44. On shaking w ith  deuterium
oxide, the  l a t t e r  s ig n a l co llapsed  to  a broad s in g le t  and the hydroxyl
s ig n a l vanished, rev ea lin g  a m u ltip le t a t  x 7.5 due to  the  methine
proton ad jacen t to  the r in g  carbonyl group. The r in g  methylene groups
produced a complex p a tte rn  between x 6.5 and 7 .3 , fourteen  l in e s  being
d isc e rn ib le . This p a tte rn  was analysed w ith  the  a id  o f d ig i ta l  frequency
aiid r e la t iv e  in te n s i ty  measurements. Each methylene group gave r i s e
to  an AB q u a r te t, and most o f  the q u a rte t l in e s  were su b jec t to  f in e
s p l i t t i n g ;  some overlapped. The doublets fo r  the methylene group
adjacen t to  th e  carbonyl fu n c tio n  appeared a t x 6.63 and 7.07 w ith
172coupling constan t 12 Hz, an;}assignment supported by l i t e r a tu r e  
da ta  fo r  the 2-methylene group o f (6S)-6-methyl th ian-3-one (191)
(x 6.56 and 7.00, 12 Hz). The chemical s h i f t s  o f the o th er r in g  
methylene group were x 6.78 and 7.19, w ith doublet s p l i t t in g  14 Hz.
Each o f th ese  s ig n a ls  was coupled to  the  carb in o l methine pro ton  w ith  
doublet s p l i t t in g s  o f 1.75 and 4.1 Hz re sp e c tiv e ly . Hie s ig n a ls  a t  
x 7.07 and 7.19 were apparently  su b jec t to  ac ross-su lphur coupling, 
s ince  both showed doublet s p l i t t in g  o f 2.05 Hz.
When sub jec ted  to  g a s - liq u id  chromatography, k e to l 190 gave a peak 
a t  the same re te n tio n  time as enone 51, bu t w ith  severe t a i l i n g ,  
suggesting th a t  i t  was converted to  51^  therm ally .
The form ation o f by-products 187, 188 and 190 may have been due to  
conjugate reduction  o f isopropyl enol e th e r  50 (Scheme 9).
Ketol 190 could a lso  have been formed by ac id -ca ta ly sed  h y d ro ly sis  o f 
the  normal reduction  product 185 w ithout a l l y l i c  rearrangem ent, analogous 
to  path  B o f Scheme 8. The a b i l i ty  o f th i s  process to  compete w ith  
the rearrangem ent to  the d es ired  enone (path A mechanism) could be 
due to  conform ational r ig id i ty  in  the  r in g  system, as proposed by
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Wenkert and S trik e  to  account fo r  the form ation o f k e to l 161 in  the 
hyd ro lysis  o f 0 -a lk o x y a lly lic  alcohol 159. Such r ig id i ty  is  fe a s ib le  
considering  the non-equivalence o f the  geminal r in g  protons of k e to l 
190 in d ica ted  by i t s  n u clear magnetic resonance spectrum.
OR
Schem e 9
HOCoH
50
OR
5
R1
♦ h 3b o c 2h 5
OR
rA y R1
H -l
BK
OR
OH
188
190 187
R = Ch (c H3) 2 
R1 = - ( c h 2) 6g o 2c 2h .
A th i rd  p o s s ib i l i ty ,  form ation o f keto l, 190 from enone 51_, was u n lik e ly  
to  have occurred under the m ild hydro lysis  conditions th a t  were em­
ployed.
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Carboxylic ac id  186 (requ ired  fo r  b io lo g ic a l te s t s )  was prepared by 
hydro lysis o f  enone SI. S u itab le  re a c tio n  conditions were f i r s t  found 
by in v e s tig a tin g  the conversion o f  the more abundant alkoxyenone 144 
(the unwanted by-product o f the a lk y la tio n  o f  th ian -3 ,5 -d io n e  w ith  
e th y l 7-iodoheptanoate) to  the  corresponding ac id  192.
c o 2r
E thano lic  potassium  hydroxide was found to  be u n su itab le  fo r  the  
sa p o n if ic a tio n  o f e s te r  144. Consumption o f the  e s te r ,  as m onitored
by g a s - liq u id  chromatography, was very slow unless a tra c e  o f w ater
>
was p re sen t. These conditions were ev id en tly  too harsh , s ince  th e  
products obtained were dark , u n ch arac te risab le  o i l s .
49Kluge, Untch and F ried  have employed an enzymatic method fo r  the 
h ydro lysis  o f minute q u a n titie s  o f p ro stag lan d in  methyl e s te r s .  
P rostag land in  E-^  was obtained in  781 crude y ie ld  from 3.2 mg o f  i t s  
methyl e s te r ,  using an aqueous e x tra c t o f  crude hog pancreas l ip a se  
(Sigma) a t  pH 7.. This procedure, m odified fo r  la rg e r  q u a n t i t ie s ,  
proved to  be s u ita b le  fo r  the  hyd ro lysis  o f 144. Acid 192 was ob ta ined  
in  62% y ie ld  as a p a le  yellow s o lid , m elting  p o in t 71-74°. A pure 
sample, m elting p o in t 74-74.5° was is o la te d  by r e c r y s ta l l i s a t io n .  I t s  
s p e c tra l  p ro p e rtie s  were very s im ila r  to  those of e s te r  144, except 
th a t  the  carboxyl function  gave r is e  to  bands a t 3020 and 1690 cm  ^
in  the  in fra - re d  spectrum, and a broad s in g le t  a t  t  -0 .7  in  th e  pro ton
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n u c lea r resonance spectrum, w h ils t bands due to  a carbethoxy group 
were absent.
Enzymatic hydro lysis  o f enone 51 gave carboxy lic  ac id  186 as a pa le  
yellow s o lid ,  m elting p o in t 62-64°, in  6 7 .5 V y ie ld . A pure sample, ' 
m elting  p o in t 65-65.5°, was obtained by r e c ry s ta l l i s a t io n .  Like 192 
i t s  spec troscop ic  p ro p e rtie s  were c lo se ly  re la te d  to  those of i t s  e s te r  
p recu rso r, the  carboxyl fu n c tio n  g iv ing  r i s e  to  bands a t  3000 and .
1698 cm ^ in  th e  in f ra - re d , and a d iffu se  s in g le t  a t about t -0 .6  
in  the n u clear m agnetic resonance spectrum. The mass spectrum o f ac id  
186 showed th e  m olecular ion a t  the expected value 242 a .m .u ., and 
c h a ra c te r is t ic  fragm entations o f  a carboxylic  ac id . Fragment ions 
corresponding to  lo ss  o f CO were p re se n t, and each o f th ese  fragmented 
fu r th e r  w ith  lo ss  of another H^O, the  second oxygen presumably o r ig ­
in a tin g  in  the ketone fun ctio n ; a l l  these  t r a n s i t io n s  were supported by 
m etastab le  peaks. Fragment ions corresponding to  lo ss  o f d ^C C O lf^
+ H, CH2 =C(OH) 2  + H + H^0, and (GH2)^C02H from the m olecular ion  were 
a lso  observed.
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PREPARATION OF THIANONE ANALOGUES OF PROSTAGLANDINS VIA 1,4 
CONJUGATE ADDITION REACTIONS OF LITHIUM DIORGANOCUPRATES
DISCUSSION
The reac tio n s  o f a , 3 u n sa tu ra ted  carbonyl compounds w ith
organom etallic reagents derived  from u n s ta b ilis e d  cations (fo r
example methyl o r phenyl) may lead  to  1,2 o r 1,4 ad d itio n  p roducts.
O rganoalkali metal reagents norm ally re a c t in  the 1,2 mode, adding
to  the carbonyl group. Grignard reagents may re a c t in  e i th e r  mode,
depending on the n a tu re  o f the r e a c ta n ts , and o ften  give m ixtures
o f carbonyl and conjugate (1,4) ad d itio n  p roducts. Before 1966,
a favoured procedure fo r  s e le c tiv e  1,4 ad d itio n  was the use o f
copper-ca.talysed Grignard re a c tio n s . In th a t  year i t  was dem onstrated
th a t  organocopper(I) species are responsib le  fo r  conjugate ad d itio n
173by th is  procedure, s tim u la tin g  in te r e s t  in  the  use o f preformed 
organocopper(I) reagen ts.
The use o f organocopper(I) reagents in  conjugate ad d itio n  reac tio n s
174 175has been the su b jec t o f  two recen t review a r t i c le s .  ’ The 
r e s u l ts  obtained w ith  the  preformed reagents are g en era lly  su p e rio r  
to  those obtained from copper-ca ta lysed  Grignard r e a c t io n s , 
p a r t ic u la r ly  in  terms o f y ie ld  and s te re o s e le c t iv i ty .  The y ie ld s  
o f the copper-cata lysed  reac tio n s  tend to  be s e n s itiv e  to  s t e r i c  
fa c to rs  such as the bulk o f the organic group o f the reag en t, and 
crowding in  the  unsa tu ra ted  carbonyl su b s tra te . For in s tan c e , 
2-propen-2-yl magnesium bromide gives good y ie ld s  (50-761) o f 
conjugate adducts w ith  2-cyclohexenones u n su b stitu ted  a t  p o s itio n
176-178
3, but the maximum y ie ld  o f 3 ,3 -d isu b s titu fe d  cyclohexanone
193 th a t  could be obtained from isophorone and vinylmagnesium c h lo rid e
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179was only 8 %. In comparison, 193 was obtained in  851 y ie ld
179when a preformed v iny l copper (I) reagent was used.
The organocopper(I) reagents in  general use may be c la s s i f ie d  in to  
two types having the  s to ich io m etric  formulae CUR and L iC ii^ . The 
degree o f aggregation and so lv a tio n  o f  these  species i s  u n ce rta in , 
as is  the na tu re  o f  the bonding w ith in  them. The second type are  
thought o f as an ionic ’ate-complexes L i+ (CuR^) , and are  c a lle d  
lith iu m  d io rganocuprates. They are probably d im eric , arranged 
so th a t  the four metal atoms form a te tra h e d ra l c lu s te r  w ith  the
180organic ligands a ttached  to  the  faces or. edges o f  the  te trah ed ro n .
Organocopper(I) reagents o f s to ich iom etiy  RCu are  conveniently  
prepared by m etathesis o f  a copper(I) h a lid e  w ith  one eq u iv a len t 
o f an organo d e riv a tiv e  o f a metal h igher than copper in  the 
electrom otive s e r ie s ,  such as lith ium :
CuHal + LiR + CuR + LiHal.
9
They are u su a lly  s o lid s ,  o fte n  unstab le  and no t is o la b le ,  and are. 
in so lu b le  in  so lven ts  s u ita b le  fo r  conjugate ad d itio n  reac tio n s  such 
as d ie th y l e th e r . Lithium diorganocuprates are most conveniently  
prepared  by tre a t in g  a copper(I) h a lid e  w ith  two equ ivalen ts o f  
an organolithium  reagent:
CuHal + 2LiR. LiCuR2  + LiHal
They are very ra re ly  is o la b le ,  bu t u su a lly  have a g rea t advantage 
over CuR species in  th e i r  ready s o lu b i l i ty  in  e th e r so lv en ts .
S a l t - f r e e  cuprates may be obtained from eq u ivalen t q u a n titie s  o f 
CuR-type organocopper(i) compounds and organolithium  reag en ts:
CuR1  + LiR2  + LiCuR1 R2
This method o ffe rs  no advantage over the previous method when 
1 2R = R because lith iu m  h a lid es  do no t in te r f e re  in  conjugate
181ad d itio n  reac tio n s  o f cu p ra tes , and the  requ ired  CuR organocopper(I)
compounds are o ften  d i f f i c u l t  to  p re p a re . The above re a c tio n  is  more
1 2u sefu l when ’’mixed” cuprates (R ^ R ) are req u ired ; n e i th e r  s ta r t in g  
m ate ria l need be s a l t - f r e e .
The p rep ara tio n  o f organocopper (I) reagents i s  o ften  improved i f  the
copper source is  made so lub le  by means o f e lec tro n -d o n a tin g  lig a n d s ,
such as amines, phosphines, phosphites o r  su lph ides. These ligands
also  form e th e r-so lu b le  complexes w ith  RCu organocopper (I) re a g en ts ,
and s ta b i l i s e  both  ty p es, e sp e c ia lly  the  lith iu m  d iorganocuprates.
A disadvantage in  p ra c tic e  i s  the d i f f ic u l ty  o f removing th e .lig a n d s
from the conjugate ad d itio n  product, although th is  can be a l le v ia te d
to  some ex ten t by choosing v o la t i l e ,  o r b e t t e r ,  w a te r-so lu b le  ligands
181
such as trim ethy l phosphite ( (CH^Oj^PJ o r hexamethylphosphorous
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triam ide ( ( (CH^) 2 ^) 3 P) •
The exact d e ta i ls  o f  the  mechanism o f  organocopper conjugate 
ad d itio n  are u n ce rta in . Free carbon ra d ic a ls  R‘ are no t in t e r ­
m ediates, the  fa c t  th a t  a lk y l and alkenyl ^7*68 groups are 
tra n s fe rre d  w ith  re te n tio n  o f co n fig u ra tio n  being p a r t ic u la r ly  
s trong  evidence ag a in s t them. I t  i s  be liev ed  th a t  'ate-com plexes
are the re ac tiv e  e n t i t i e s  involved, s a l t - f r e e  CuR-type reagents
181 284 18Sbeing in e f fe c tiv e  fo r  conjugate ad d itio n . ’ . 9 Lithium
organohalocuprates such as 194 are presumably p resen t in  m ixtures 
o r CuR-type reagents and lith iu m  s a l t s :
CuR + L il L i+ (ICuR)"
194
A ttack o f a cuprate on an a , 3 u nsa tu ra ted  carbonyl compound such 
as an enone could proceed by d ire c t  n u c leo p h ilic  ad d itio n  to  the 
b e ta  carbon atom, followed by t ra n s fe r  o f the organic group R:
RCuX
195 196
1
The r e a c t iv i ty  and p reference fo r  1,4 ad d itio n  shorn by organocopper (I)
reagents has been explained by invoking e lec tro n  t ra n s fe r  from the
181cuprate to  the enone tt system as an i n i t i a l  s te p . This process
would lead  to  a c h a rg e -tra n sfe r  complex, o r in  the extreme o f a tru e  
on e-e lec tron  t ra n s f e r ,  an organocopper(II) species and a r a d ic a l  anion 
197 s im ila r  to  those formed during d isso lv in g  m etal, e lec trochem ical
and o th er o ne-e lec tron  t ra n s fe r  reductions o f a , 6  u nsa tu ra ted  
186ketones, the  unpaired e lec tro n  re s id in g  mainly on the  b e ta  
carbon atom:
R C u ( l ) x
/  ■
O
R C u ( l l ) x
197
The reac tio n  could then proceed e i th e r  by d ire c t  t r a n s fe r  o f  an
in  the ro le  o f an o x id is in g  agen t, removes a s in g le  e le c tro n  from 
the cuprate in  dim eric form, g iving a c a tio n ic  species 198 form ally  
con tain ing  copper in  both Cu(I) and Cu(II) ox idation  s ta te s .  This 
process would be followed by recom bination o f 198 w ith  r a d ic a l  anion 
197 to  give an in term ediate  analogous to  195. (More powerful 
o x id is in g  agents such as oxygen might ac t by removing two e le c tro n s  
from the  dim eric cu p ra te , which would exp la in  the re te n tio n  o f  
stereochem istry  o f  the  R groups in  the  re su lt in g  dimers 199):
a lk y l ra d ic a l R* to  the  b e ta  carbon atom o f 197 181 o r v ia
recom bination to  in term ediate  195.
An in te re s t in g  refinem ent o f  the one-e lec tron  t ra n s fe r  hypothesis
180has recen tly  been proposed. I t  i s  suggested th a t  the  s u b s tr a te ,
-e + -e > 2Li+ + -(CuR) + R-R x xL ^C ^R ^ — ( L ^ C ^ R ^
198 199
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This proposal followed the observation  th a t  a , 3 unsa tu ra ted  
carbonyl compounds w ith reduction  p o te n tia ls  above an upper 
th resh o ld  value do no t re a c t  w ith  cuprate  re ag en ts , presumably 
because they are incapable o f a b s tra c tin g  an e le c tro n . On the  
o ther hand, su b s tra te s  w ith  reduction  p o te n tia ls  below a lower 
l im it  undergo reduction  ra th e r  than conjugate ad d itio n , probably 
by a b s tra c tio n  o f two e lec tro n s  from the  cuprate  dimer.
187In a recen t paper, Hannah and Smith describe  evidence th a t  
conjugate add itions to  a,3  unsa tu ra ted  ketones may proceed by 
t ra n s fe r  o f two e lec tro n s  from the  cu p ra te , g iv ing a d ian ion  20Q 
(probably complexed) and an organocopper(III) species such as 201. 
E le c tro p h ilic  a tta c k  would then take p lace a t  the b e ta  carbon atom, 
lead ing  to  the  usual products:
LiCuR
200 201
C +
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The en o la te  196 may take the  form shown, w ith the  oxygen atom 
c lo se ly  asso c ia ted  w ith  a lith iu m  c a tio n . This i s  c e r ta in ly
th a t  only one organic group R o f lith iu m  diorganocuprates LiCuR2 
can be tra n s fe rre d  to  the  a , 3 u n sa tu ra ted  carbonyl s u b s tra te . 
P ro tonation  o f 196 o r 202 during work-up leads to  the f in a l  
p roduct, ketone 203.
Although CuR-type reagents are  in  p r in c ip le  more economical than
cuprates LiCuR2 sin ce  they perm it f u l l  u t i l i s a t i o n  o f the  o rgan ic
groups R, the  cuprates are g en era lly  p re fe rre d  fo r  p r a c t ic a l
purposes s ince  they are  e th e r-so lu b le  in  the absence o f added lig an d s
and o ften  give b e t te r ,  more reproducib le  y ie ld s  and g re a te r
s te re o s e le c t iv i ty .  • The advantage o f e th e r - s o lu b i l i ty  is  lo s t
180w ith  organic groups such as v iny l whose organocopper(I)
the case in  in stances where CuX is  p re c ip ita te d  from the 
reac tio n  m ixture, as when lith iu m  dimethyl cuprate  is  used
180in  the  absence o f added ligands (methylcopper is  p r e c ip i ta te d ) . 
A lte rn a tiv e ly , th e  eno la te  196 may in te ra c t  w ith  CuX to  form
an ’ate-complex 202; th is  would exp la in  the  general observation
H
\  /
R \
_
R \ II
oOCuX
202 203
compounds are r e la t iv e ly  u n s tab le , s ince  i t  i s  then u su a lly  
necessary  to  work a t  lower tem peratures (p re fe rab ly  below -40°) 
and a so lu b ilis e d  source o f  copper is  th e re fo re  req u ired . 
N evertheless, cuprates have been used almost exc lu siv e ly  in  
ap p lica tio n s  to  p ro stag lan d in  sy n th e s is , d e sp ite  the  f a c t  th a t  
p rep ara tio n  o f the  ap p ro p ria te ly  s u b s titu te d  v in y llith iu m  
p recu rso rs  involves complex syn theses, sometimes•includ ing
49re so lu tio n  o f enantiom ers. In a model p rostag land in  sy n th e s is , 
the CuR-type reagent 204, derived  from v in y llith iu m  205 and 
copper(I) io d id e , gave very low y ie ld s  o f  conjugate adducts 
(about 2%). The corresponding lith iu m  d i v in y l cuprate gave much 
b e t te r  r e s u l t s ,  although i t  should be noted th a t  the  presence 
o f an added ligand  was necessary  fo r  r e a l ly  good y ie ld s .
OCH2OCH3
204 M = Cu
205 M = Li
206 M = LiCu(CN)
15
The in e ff ic ie n c y  o f lith iu m  diorganocuprates has s tim u la ted
188considerable in te r e s t  in  mixed cuprates LiCuRY, in  which 
the group Y is  not tra n s fe rre d  during conjugate ad d itio n  
re a c tio n s . The usual approach to  th e  design o f such reagents 
i s  to  choose a re ta in e d  group Y whose copper(I) compound CuY 
can conveniently  be prepared and iso la te d  under ord inary
lab o ra to ry  co n d itio n s, and i s  i t s e l f  incapable o f  conjugate
181 18Q 1QOad d itio n . Examples include n i t r i l e ,  ’ t e r t - butoxy,
191and somealkynyl groups, no tab ly  1-pentynyl and 3 ,3-dim ethyl-
180 '1 -butynyl. Copper(I) t e r t - butoxide and 3 ,3-dim ethyl-1-
butynylcopper(I) have the advantage o f e th e r - s o lu b i l i ty , bu t the
f i r s t  o f  these  i s  u n su itab le  fo r  ad d itio n  o f  v iny l groups, and
the second i s  no t re a d ily  a v a ila b le . l-pen tyny lcopper(I) i s
conveniently  prepared from commerically a v a ilab le  1-pentyne, and
re a d ily  e th e r -s o lu b ilis e d  by the  w ate r-so lu b le  ligand  hexamethyl-
phosphorous triam id e . A mixed cuprate con tain ing  the  n i t r i l e
48ligand  has been used fo r  1,4 add itio n s  o f the  v iny l group, b u t 
the s u b s titu te d  v iny l cuprate 206, prepared from v in y llith iu m  205
and b is  ( tr ie th y lp h o sp h ite )co p p e r(I)  cyanide in  d ie th y l e th e r  o r
o  4 9te trahydro fu ran  a t  -78 , was found to  be too therm ally  u n s ta b le .
A tten tio n  has a lso  been given to  mixed cuprates in  which the  
re ta in e d  group Y i s  an a lk y l group capable o f conjugate ad d itio n , 
but le s s  re a c tiv e  than the group which i t  i s  d es ired  to  t r a n s f e r .  
188,192,193 -j^ese reagents are prepared by adding se p a ra te ly  one
equ ivalen t each o f the organolithium  compounds con ta in ing  th e  R and 
Y groups to  the  copper(I) source, fo r  example:
LiCHL ■
UCH=CH2 + Cul -> L il + CuCH=CH2 —* L il * LiCu(CH3)CH=CH2
193 238Lithium m ethylvinylcuprate 9 \ s e le c t iv e ly  tra n s fe rs  the
v iny l group to  2-cyclopentenone when used in  te tra h y d ro fu ran , bu t 
both  groups are  tra n s fe rre d  in  d ie th y l e th e r . I t s  advantages are  
th a t  i t s  p recurso rs are re a d ily  a v a ila b le , and i t  can be prepared 
in  the absence o f  added lig an d s.
S yn thetic  in term ediates which have been used in  pub lished  a p p lic a tio n s
o f cuprate  1 ,4 -ad d itio n s  in  the p ro stag lan d in  f ie ld  include
cyclopentenones 207 - 211 and v in y llith iu m  reagents 212 -  214.
A ll the products iso la te d  (genera lised  s tru c tu re  215) have the
"n a tu ra l"  8 ,12-tra n s  s tereochem istry  (p rostag land in  num bering), as
a n tic ip a te d  fo r  p ro tona tion  o f th e i r  eno la te  p recu rso rs  to  give
47products o f maximum thermodynamic s t a b i l i t y .  In one case , i t  
was shown conclusive ly  th a t  no 8 ,12-c is  compounds were formed.
Enones o f type 207 and 208 have been used in  conjunction  w ith
48cuprates derived from v in y llith iu m  and tra n s -v in y lli th iu m
46 j r f  0-1-7 47,49,70,237,239 ■, rreagents 212, and o f  type 213, ’ 9 ’ ’ and from the
racemic and sep ara te  enantiom eric forms o f the  c i s -v in y llith iu m  
194reagent 214 in  order to  prepare in term ediates in  syntheses o f
E^ p rostag land ins (the use o f  o c ten y llith iu m  212 leads to  15-deoxy-
p ro s ta g la n d in s) . In  g en era l, cuprates p r e fe r e n t ia l ly  a tta c k  c y c lic
enones from th e  le a t  hindered s id e  o f  the  r in g , the degree o f
s te re o s e le c t iv i ty  increasing  w ith  the  bulk o f  the  rin g  s u b s ti tu e n t (s)
174and o f the  incoming group. This p reference is  very g re a t in
conjugate add itions leading  to  E p ro stag lan d in s , p a r t ic u la r ly  when
70 237bulky groups such as t  e r  t  - bu ty l dime thy 1 s i  ly  1 ’ are used to  p ro te c t
or C(CH3) 2OCH3, 49’194 R= Si(CH3) 2t-C 4H970,237
R' = C2H5 46’47 or CH3 48,49,194 or THP 237
= ^ < ^ C O , C H
fI
c o 2c h 3
209 Z  = THP.O 164>237
210 Z  = H 195
211 48,49,194,196,239
Li
212 46,195,196
R = CH(CH3)OC2H5f47>164’196>237»239
c (c h 3) 2o c h 3 49
or Si(CH3) 2t-C 4H9 70’237
RO
214
R = C(CH3) 2OCH 194
c o 2r '
215
X = H or RO
THP = te trahydropyran-2 -y l
the  p o te n tia l 11- and 15-hydroxy groups, w ith  the r e s u l t  th a t
the  su b s titu e n ts  a t  p o s itio n s  11 and 12 in  the adducts 215
(Z f  H) have the " n a tu ra l” tra h s  re la tio n s h ip . The combinations
70 I V lo f o p tic a lly  ac tiv e  s ta r t in g  m ateria ls  208 w ith  215 * and 209
164 237w ith  215 ’ th e re fo re  provide com pletely s te re o sp e c if ic  syntheses
o f p rostag land ins and E2. Enone 210 has been used w ith  212,
and w ith  a racemic version  o f 215 (R = a-ethoxyethoxy) to  prepare
11,15-dideoxyprostaglandin E2 , and 11-deoxyprostaglandin E2 and
195i t s  153-diastereoisom er. Another racem ic.version  o f  213
182(R = te r t-b u ty ld im e th y ls ily l)  has a lso  been described .
F in a lly , 11-deoxy E^ p rostag land ins have been prepared from enone
48211 using v in y llith iu m  and s u b s titu te d  v in y llith iu m  reagents 
214 494 (in  racemic and in  both enantiom eric form s), 213 49  ^
and an o p tic a lly  in a c tiv e  version  o f 213. 49
Good y ie ld s  o f adducts 215 were genera lly  obtained from enones
207 -  211 using equ ivalen t or s l ig h t ly  excessive q u a n ti t ie s  o f
the cu p ra tes , no tab le  exceptions a r is in g  when the a-methoxy-a-
m ethylethyl group was used to  p ro te c t the  p o te n tia l  15-hydroxyl
fu n c tio n , e sp e c ia lly  in  .a syn thesis  o f  p ro stag lan d in  E^ where
49the p o te n tia l  11-hydroxyl function  was s im ila r ly  p ro te c ted .
The eno la tes  re su lt in g  from organocopper(I) conjugate ad d itio n s
have high p o s itio n a l s t a b i l i t y ,  and in  p r in c ip le  th e i r  C-all<ylation
rep resen ts  a convenient method o f in troducing  an alpha s u b s ti tu e n t
re g io sp e c if ic a lly . This i s  re a d ily  achieved when the en o la te  anion
197i s  a h ighly  s ta b i l i s e d  species such as a malonate ion.
However, the e ffec tiv en ess  o f the method as a syn thesis  o f
a ,£ -d is u b s ti tu te d  ketones from conjugated enones depends on
the r a te  o f a lk y la tio n  being much g re a te r  than th a t  o f eno la te  ^
ketone e q u il ib ra tio n  (v ia  proton t ra n s f e r  r e a c t io n s ) , and the
eno la tes a r is in g  from 1 ,4 -ad d itio n s  to  such enones tend to  be
ra th e r  un reac tive  towards organohalide a lk y la tin g  agen ts. This
low r e a c t iv i ty  could be due to  the metal-oxygen bond o f copper (I)
eno la tes 202 having a h igh ly  covalent n a tu re , although in  one
case comparison w ith  a pure lith iu m  eno la te  showed l i t t l e
198d iffe ren ce  in  a lk y la tio n  r e a c t iv i ty .  Some encouraging 
re s u l ts  have been obtained using  d ip o la r  a p ro tic  so lven ts 
such as 1 ,2-dimethoxyethane, hexamethylphosphoramide, or 
te trahydro fu ran  as so lven ts  fo r  the  a lk y la tio n  s ta g e , bu t s id e  
reac tio n s  tend to  p e r s i s t  i f  a lk y la tio n  is  re ta rd ed  by s te r i c
h indrance, fo r  instance  when th e  organic group o f the  h a lid e
198 199is  bulky o r the  s ta r t in g  enone has two b e ta  s u b s titu e n ts .
When the  s ta r t in g  enone i s  c y c lic ,  the alpha and b e ta  s u b s titu e n ts
o f i t s  conjugate ad d itio n  -  a lk y la tio n  products are  p r e fe r e n t ia l ly
arranged fo r  h ig h est thermodynamic s ta b i l i t y .  For example
treatm ent o f 2-cyclohexenone w ith  lith iu m  dim ethylcuprate in
d ie th y l e th e r followed by methyl iodide in  dimethoxyethane gave
198a 4:1 m ixture o f tra n s -  and c i s - 2 , 3-dime thy lcyclohexanone. 
S im ila rly , p ro stag land in  model 217 has been prepared in  69% o v e ra ll  
y ie ld  by a l ly l  bromide a lk y la tio n  o f eno la te  216, generated from
2-cyclopentenone and lith iu m  m ethylvinylcuprate in  te trah y d ro fu ran .
200In  an independent p ro stag lan d in  syn thesis  (Scheme 10),
P a tte rso n  and F ried  were unable to  a lk y la te  eno la te  218 
d ire c t ly  w ith  methyl c i s - 7-brom ohept-5-enoate. They overcame 
th is  problem by trapp ing  the  en o la te  as i t s  t r im e th y ls i ly l . 
e th e r  219, which was converted to  a mixture o f p rostag land in  
in term ediate  220 and i t s  8 ,12-stereoisom er by regenera tion  o f  
the  lith iu m  en o la te  w ith  lith iu m  amide, then a lk y la tio n  in  
l iq u id  ammonia.
Scheme 10
O
+ LiCu
^  OC(CH3)2OCH3j2
MO
o c (c h 3)2o c h 3
218 M = Li or CuR Li
219 M
Br = ^ ^ C 0 2C H 3 ° 0  COzCH 3
The methods o f p reparing  organolithium  reagents have rec en tly
201been reviewed by W akefield. The most general procedure 
involves the  reac tio n  o f  organic h a lid es  w ith  lith iu m  m etal:
RHal + 2Li LiR + LiHal.
A c a ta ly t ic  q u an tity  o f sodium must u su a lly  be p resen t in  the 
lith iu m , norm ally 1-2%. The ra te  o f the  re ac tio n  increases 
in  the  o rder o f halogens Cl < Br < I ,  bu t so does the  r is k  o f  
Wurtz coupling.
Another favoured procedure u t i l i s e s  m etal-halogen exchange:
RHal + LiR1 ^ LiR + R ^ a l .
This re ac tio n  is  ap p licab le  to  the p rep ara tio n  o f v in y llith iu m
reagents since  the  equ ilib rium  l i e s  w ell to  the  r ig h t  when
R = v iny l and R1 = a lk y l, v iny l groups being b e t te r  s ta b i l i s e r s
o f negative charge. The v in y llith iu m  reagents used in  p ro stag lan d in
syntheses have mostly been generated from the  corresponding io d id es .
Lithium metal i s  o ften  used, bu t is  unsuccessfu l in  a t  le a s t  one 
191in stan ce . M etal-halogen exchange has the in t r in s ic  disadvantage
th a t  a lk y l h a lid es  are produced as by-products, and can undergo
coupling reac tio n s  w ith  organocopper(I) reag en ts. A n ea t so lu tio n
191 195to  th is  problem i s  to  use two equivalen ts o f  te r t-b u ty l l i th iu m : 9
2l " C4H9Li + >  L is^S l + L il + C4H10 + CH2=C(CH3) 2 ,
202The conversion o f 1-alkenyl h a lid es  to  1 -a lk en y llith iu m  reagen ts
203and th e i r  subsequent transform ation  to  organocopper(I) reagen ts 
both proceed w ith  high re te n tio n  o f  double bond geometry.
RESULTS
Before proceeding w ith  th e  p rep ara tio n  o f an alkenyl h a lid e  
app rop ria te  fo r  the  con stru c tio n  o f  the lower s id e-ch a in  o f 
a p ro stag lan d in  analogue, the s u i t a b i l i ty  o f enone _51 as a 
su b s tra te  fo r  vinylcopper conjugate ad d itio n  was te s te d  
using lith iu m  d i- l-p ro p e n y lc o p p e r(I) , generated from 
commercially av a ila b le  1-bromopropene.
51
2 C 2 H 5
11a 13 15
221
1-Propenyllithium  was made from 1-bromopropene (a m ixture o f  c is
and tra n s  isomers) and lith iu m  m etal in  d ie th y l e th e r a t  -10°,
67follow ing the  proceedure o f Naf and Degen; i t  was found necessary  
to  i n i t i a t e  the reac tio n  by wanning b r ie f ly  to  0°. The reason fo r  
th is  sluggishness may have been the  r e la t iv e ly  low co n cen tra tio n  
o f sodium in  the  lith iu m  employed fo r  th is  experim ent, which was 
ra te d  99.9% pure, compared to  Naf and D egen's, which con tained  
1.5% sodium. Lithium d i-l-p ro p en y lcu p ra te  was prepared by adding
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the  1-propenyllith ium  so lu tio n  to  0 .5  equ ivalen ts o f copper [I) 
iod ide in  d ie th y l e th e r a t  -35°. ^
The rea c tio n  o f enone 51 w ith  th re e  equ ivalen ts o f  lith iu m  
d i-l-p ro p en y lcu p ra te  gave racemic 221 in  78% y ie ld  a f te r  
chromatographic p u r if ic a t io n  on f l o r i s i l .  The stereochem istry  
shown fo r 221 was p red ic ted  on the  b a s is  th a t  p ro tona tion  o f  . 
the  eno la te  re su lt in g  from the conjugate ad d itio n  should give 
th e  thermodynamically favoured tra n s  arrangement o f th e  s id e  
chains. G as-liqu id  chromatographic an a ly sis  o f  the  crude 
product (94% y ie ld )  on a column o f  s il ic o n e  0V1 a t  250° 
revealed  the  presence o f a sm all q u an tity  o f unreacted enone 51_ 
(re te n tio n  time 4 minutes) and adduct 221 (6 m inutes), the  r a t io  
o f th e i r  peak areas being 8 : 92. P a r t ia l  sep a ra tio n  was achieved 
by f l o r i s i l  chromatography, so th a t  the  o v e ra ll r a t io  fo r  the  b e s t 
f ra c tio n s  was 5 : 95. The s tru c tu re  o f  the  product 221 was 
confirmed by spectroscop ic  measurements o f  the b e s t o f th ese  
( ra t io  3 : 97). In the p l t r a - v io le t  th ere  was no strong  
absorp tion  above 215 nm, and in  the in f ra - re d  spectrum th e re  
was a strong  band due to  the r in g  carbonyl group a t  1711 cm \  
w hile the  presence o f c is  and tra n s  alkenes was in d ica ted  by bands 
a t  721 and 968 cm
In the proton nuclear magnetic resonance spectrum o f  221, the  
r in g  methylene groups gave r i s e  to  AB q u a rte ts  a t  t  6 .59 /6 .86  
and t  7.23 /7 .26 . The f i r s t  o f  these  was assigned to  the 11a- 
methylene group (numbering fo r  221 as an lla -h o m o -ll- th ia p ro s ta g lan d in )  
on the b as is  th a t  the  doublet s p l i t t in g  o f  the  t  6.59 l in e s  (J 5 Hz) 
was due to  coupling w ith  the 12-methine group. The h ig h - f ie ld  p a i r  
o f  each q u a r te t showed fine , doublet s p l i t t in g  (J 1.5 Hz) which could 
have been due e i th e r  to  coupling across su lphur, o r across th e
carbonyi group between p o s itio n s  8 and 10 and between p o s itio n s  
11a and 12. The complex m u ltip le ts  expected fo r  the  r in g  
methine groups a t  p o s itio n s  8 and 12, a t  about t  7 and 7 .8 , 
were hidden by the  AB q u a r te ts  mentioned above and the  t r i p l e t  
fo r  the  2-methylene group a t  t  7.71, bu t th e i r  presence was 
apparent from the in te g ra te d  in te n s i t ie s  in  these  reg ions.
The v in y lic  methyl groups (p o sitio n  15) o f the isomers o f 221 
d if fe r in g  in  the geometry o f the  lower s id e -ch a in  gave r is e  
to  doublets a t  x 8.31 (J 4 .3  Hz) and 8.37 (J 5.6 Hz). These 
s ig n a ls  overlapped to  form, an approximately 1 :2 :1  unsymmetrical 
t r i p l e t ,  in d ic a tin g  th a t  roughly equal amounts o f the two isomers 
were p re se n t.
c is  - tra n s  .Isom erisation o f 1-bromopropene is  known to  take  p lace
a t  room tem perature, the equ ilib rium  composition being 60-70% c i s .
204,205 in f ra - re d  sp ec tra  o f the  pure isomers have strong
alkene in -p lan e  deform ation bands o f approximately equal in te n s i ty
a t  1285 (c is)  and 1200 cm ^ ( t r ans ) . On th is  b a s is ,  the
concen tra tion  o f the c is  isomer in  the commercial o le f in  was
found to  be about 60%. The proton n u c lear magnetic sp ec tra  o f
206l-halopropenes have considerab le  second-order ch a rac te r , so 
the p roportions o f  the  c is  and tra n s  isomers o f the  commercial 
1-bromopropene could no t be v e r if ie d  by in sp ec tio n  of i t s  n u c lea r 
magnetic resonance spectrum. .
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Since the  p rep ara tio n  and conjugate ad d itio n  o f lith iu m  
d i-l-a lk e n y lc u p ra te s  proceed w ith  high re te n tio n  o f  double 
bond geometry, any change in  c is  : tra n s  r a t io  i s  due to
f\ 7
d if f e re n t  reac tio n  r a te s .  The r a te  o f ad d itio n  o f the
c i s - l-p ropenyl moeity to  enone 5^ was th e re fo re  s l ig h t ly
le s s  than o r equal to  th a t  o f i t s  tra n s  co u n te rp a rt, in
67 194c o n tra s t to  l i t e r a tu r e  rep o rts  9 o f  c is  isomers o f 
lith iu m  d i-l-a lk e n y lc u p ra te s  being more re a c tiv e  than th e i r  
tra n s  isomers in  conjugate add itions to  2 -cycloalkenones.
Having dem onstrated the  s u i t a b i l i ty  o f enone 51 as a su b s tra te
fo r  conjugate ad d itio n  o f vinylcopper reag en ts , the  sy n th esis
o f a p ro stag lan d in  analogue was undertaken. Racemic 11,15-
d id eo x y -lla -h o m o -ll-th ia -p ro s tag lan d in  (228) was chosen as
the  ta rg e t compound. The appropria te  alkene fo r  co n stru c tio n
o f the  .lower s id e -ch a in , t r a n s - l-o c te n y l iodide (226) was prepared
from 1 -octyne in  421 y ie ld  by a method re ce n tly  developed by
207Brown and co-workers (Scheme 11).
Scheme 11
H20
2-5°
HO
HO
\
E
/
224
NaOH -  H20  
— ► 
Et20, 0°
Et 20, 0°
225
226
THF = te trahydro fu ran
Et C2 H5
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Catecholborane (222, 1 ,3 ,2-benzodioxaboro le), prepared from
208borane-te trahydro fu ran  and ca tech o l, undergoes rap id ,
s e le c t iv e ,  s te re o s p e c if ic  c is  hydroboration o f  alkynes to  
y ie ld  tran s-2 -a lk en y l-l,3 ,2 -b en zo d io x ab o ro les  in  which boron
209i s  a ttached  to  the le a s t  hindered end o f the ace ty len ic  group;
207i t  th e re fo re  gives 223 from 1-octyne. The hydroboration
products are re a d ily  hydrolysed to  t r a n s - alkenylboronic acids
209such as 224 by the  ac tio n  o f w ater. Successive treatm ent .
in  d ie th y l e th e r  o f the  iso la te d  boronic acids derived from
term inal alkynes w ith  aqueous sodium hydroxide and iodine
leads to  tra n s - 1-alkenyl iodides such as 226 o f a t  le a s t  99%
207stereochem ical p u r ity . The re a c tio n  o f iod ine w ith 
a lkenylborate  anions such as 225 involves more than one 
m echanistic s te p , since the uptake o f  iodine is  more rap id  
than the  form ation o f  the f in a l  product.
The re a c tio n  o f t r a n s - 1-octenyl iodide w ith  lith iu m  m etal in  
d ie th y l e th e r  was slow, even a t  room tem perature. Ga*s-liquid 
chromatographic an a ly sis  o f  the  re ac tio n  m ixture a f te r  2 0  hours 
showed th a t  about 80% o f the iodide had been consumed, and 
d isso lu tio n  o f the lith iu m  was incom plete. The presence o f  an 
organolith ium  reagen t could be dem onstrated by a Gilman colour
210t e s t  w ith  M ich ler's  ketone (4 ,4 , -bis-dimethylamiriobenzophenone): 
ad d itio n  o f the organolithium  s o lu tio n .to  the ketone in  benzene, 
hydro lysis  o f  the re su lt in g  lith iu m  alkoxide w ith  w ater, and 
ad d itio n  o f iodine in  a c e tic  acid  led  to  the  form ation o f an 
in ten se  b lue carbonium iodide in  the  organic la y e r . However, a 
w hite p re c ip i ta te  was p resen t in  the  organolithium  m ixture, 
suggesting th a t  s u b s ta n tia l lo ss  o f the  reagent had occurred by 
thermal decomposition, o r by reac tio n  w ith  d ie th y l e th e r to
211form lith iu m  ethoxide and e thy lene.
In subsequent experiments t r a n s -1 -o c ten y llith iu m  was conveniently  
prepared from t r a n s - 1 -octeny l iodide and two equ ivalen ts o f  
commercially av a ilab le  t e r t - b u ty llith iu m  in  d ie th y l e th e r  a t  
-78°. An a l te rn a t iv e  method o f overcoming the problems encountered 
w ith lith iu m  m etal might be the use o f  lith iu m  contain ing  1 - 2 % 
sodium, but t e r t - b u ty llith iu m  was more re a d ily  a v a ila b le  and 
o ffe red  the advantage o f lower re a c tio n  tem perature.
o
11
11a
227 R = C2H5
228 R = H
Thianone e s te r  227 was prepared by conjugate ad d itio n  o f a mixed
cuprate reagen t, lith iu m  tra n s - 1 -o c te n y l-( 1 -p en ty n y l)cu p ra te , to
enone _51. The cuprate was generated by adding t ra n s - l-o c te n y lli th iu m
so lu tio n  to  a small excess o f  l-pen tyn lcopper(I) - hexamethylphosphorous
triam ide 1:2 complex d isso lved  in  d ie th y l e th e r , a t  -78°.
(1-pentynylcopper(I) was prepared by reduction  o f copper(II) su lphate
212w ith hydroxyl amine and treatm ent w ith 1-pentyne ) .  The conjugate 
ad d itio n  was performed by adding enone SI to  1.2 equ iva len ts  o f the  
mixed cuprate reagent in  d ie th y l e th e r  a t  -78°, gradual wanning to
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room tem perature, and p ro to n a tio n  o f the re su lt in g  eno la te  w ith  
aqueous ammonium su lp h a te .
F lask  f i t t e d  w ith  s il ic o n e  rubber sep ta  were used fo r operations 
involving t e r t - b u ty llith iu m  and 1 -o c ten y llith iu m , and liq u id s  were 
tra n s fe rre d  by means o f hypodermic sy rin g e s . In  the  f i r s t ,  run the 
crude product (52% y ie ld )  was shown by g a s-liq u id  chromatographic 
an aly sis  on s il ic o n e  0V1 a t  250° to  be a m ixture o f  thianone e s te r  
227 (re te n tio n  time 20 minutes) and s ta r t in g  enone 51, in  r a t io  
o f peak areas 60:40. Octenyl iodide (about 81 o f the s ta r t in g  
weight) was a lso  shown to  be p re se n t, using a column tem perature 
o f 170°. The poor r e s u l t  was a t tr ib u te d  to  lo ss  o f o c ten y llith iu m  
in  t r a n s f e r ,  and s id e  reac tio n s  involving octeny l io d id e , r a th e r  
than inheren t in e ff ic ie n c y  o f the  conjugate ad d itio n . These 
fa u l ts  were co rrec ted  by the  use o f hypodermic syringes mounted
213in  sp ring-loaded  syringe p ip e tte  holders and f i t t e d  w ith  ta p s , 
and by in creasin g  the  amount o f te r t-b u ty l l i th iu m  to  a s l ig h t  excess 
over octenyl io d id e , follow ing a precedent in  the  p ro stag land in  
l i t e r a tu r e .
In the  next run the  crude product (105% o f th e o re tic a l  y ie ld )  was 
found to  con tain  only 2% enone 51, bu t two new components were 
detec ted  by g a s -liq u id  chromatography. These components, which 
e lu ted  a t  8  minutes and were no t com pletely reso lved , accounted 
fo r  8 % o f the  to ta l  peak area . No t r a n s - 1-octenyl iodide could 
be de tec ted . Chromatographic p u r if ic a t io n  o f the  crude product 
on s i l i c a  gel led  to  thianone e s te r  227 in  50% y ie ld  fre e  o f 
enone 51 and homogeneous to  th in  la y e r  chromatography on s i l i c a  
g e l, bu t only p a r t i a l  removal of the new components was achieved,
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their proportion falling to 5% judged as above.
The in f ra - re d  spectrum o f  the chromatographed product, an o i l
a t  room tem perature, contained a s trong  band a t  1705 cm"^
assigned to  the r in g  carbonyl group, o f  227, and a band a t  
-1962 cm as expected fo r  a tra n s  alkene. The pro ton  n u c lear 
magnetic resonance .spectrum had much in  common w ith  th a t  o f 
model compound 2 2 1 , p a r t ic u la r ly  in  th a t  the r in g  methylene 
groups (p o sitio n s  10 and 11a) gave r i s e  to  s im ila r  AB q u a r te ts ,  
and the  methine s ig n a ls  (p o sitio n s  8  and 1 2 ) were obscured.
The AB q u a r te t a t  lower f ie ld  ( i  6 .70/6 .96) was assigned to  
the lla-m ethylene group by analogy w ith  model compound 2 2 1 , 
and l a t e r ,  w ith  ac id  228. As in  the  model compound, f in e  doublet
s p l i t t i n g  o f 1. 5 Hz was observed fo r  the h ig h -f ie ld  p a i r  o f  l in e s
of th a t  AB q u a r te t assigned to  the  10-methylene group (t 7 .26/7 .34)
This s p l i t t i n g  was presumably due to  coupling across the carbonyl
group to  the 8 -methine pro ton . The apparent absence o f coupling
between the lla -p ro to n s  and th a t  a t  the 1 2 -p o s itio n  cannot mean
th a t  both d ihed ra l angles are  near 90° fo r  th a t  would be im possible
P ossib ly  the expected coupling between one o f the  protons a t  the
l la -p o s i t io n  and th a t  a t  the 1 2 -p o s itio n  is  too sm all to  have
been reso lved , having been reduced by a t r a n s - coplanar arrangement
214o f the e lec tro n eg a tiv e  sulphur atom and 1 2 -methine p ro ton .
The s ig n a ls  due to  the o le f in ic  protons a t  p o s itio n s  13 and 14 
(t4.71 and 4.44) were coupled w ith  doublet s p l i t t i n g  15.5 Hz, in  
accordance w ith  the tra n s  geometry o f the 13,14 double bond.
The in te n s i ty  o f these  s ig n a ls  was lower than theory by 5%, 
suggesting th a t  the u n id e n tif ie d  im p u ritie s  in  the product
lacked the o le f in ic  system. The in te g ra te d  in te n s i ty  fo r  the
reg ion  (t 7.9 -  9.0) con tain ing  th e  f iv e  methylene groups o f the 
lower s id e -ch a in , f iv e  methylene groups o f the  upper s id e -ch a in  
(p o sitio n s  3 -7 ), and the e th y l e s te r  methyl group, was low by 
0 .6  H, w hile the  t r i p l e t s  fo r  the  o th er methylene groups o f  the  
upper s id e-ch a in  (p o sitio n  two and e th y l e s te r ,  t  7.72 and 5.85) 
had proper in te n s i t i e s .  The im purities  th e re fo re  seemed to  lack 
the  whole o f the lower s id e -ch a in  w h ils t re ta in in g  the  upper s id e -  
chain in ta c t .  On the  o th e r hand, the in te n s i ty  o f  the end-of-chain  
methyl s ig n a l (p o s itio n  20, t r i p l e t  a t  t  9.11) was h igher than 
theory  (3.3 H ), and a sharp s in g le t  o f  unknown o rig in  was p resen t 
a t  t  9 .08. Taking in to  account the lo ss  o f  5% o f the lower 
s id e -ch a in , the  co n trib u tio n  o f  the im p u rities  to  the in te g ra te d  
in te n s i ty  a t  r  9.1 was 0.45 H. A reasonable explanation  fo r  
these  observations would be th a t  the two im purities  in  the product 
were thianone 229 and an isom eric conpound; the  s in g le t  a t  t  9.08 
could be assigned to  the t e r t - b u ty l group, the surp lus in te n s i ty  
in  th is  region o f the spectrum being 5% o f 9H.
O
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This explanation  a lso  accounts fo r  the d i f f ic u l ty  encountered 
in  sep ara tin g  the  im purities  from the  d esired  thianone 227 
by p rep a ra tiv e  l iq u id  chromatography on s i l i c a  g e l, s in ce  227 
and 229 would have s im ila r  " p o la r i ty ” . The g a s -liq u id  
chromatographic re te n tio n  times o f  the im purities  ( s l ig h t ly  longer 
than th a t  o f  model thianone 221 and much sh o rte r  than th a t  o f  227) 
were compatible w ith  s tru c tu re  229, s ince  re te n tio n  tim es o f 
s t r u c tu ra l ly  s im ila r  compounds on "non-polar" absorbents in c rease  
s te a d ily  w ith  m olecular w eight.
The form ation o f  compound 229 would have re su lte d  from conjugate 
ad d itio n  to  enone 51 o f lith iu m  t e r t - b u ty l-  (1-pentynyl) c u p ra te , 
implying contam ination o f  the  t ra n s - 1 -o c ten y llith iu m  w ith  unreacted  
te r t-b u ty ll i th iu m . Comparison o f the  r e s u l ts  o f the  two runs led  
to  the  conclusion th a t  the  form ation o f  im purity  229 would be 
prevented i f  a sm all excess o f  octenyl iodide over t e r t - b u ty llith iu m  
were used; lo ss  o f  cuprate  reagent by coupling w ith  the  excess iod ide 
would n o t m atter provided the excess o f  cuprate  over enone was g re a te r  
This remedy was app lied  to  a sm all-sca le  experiment and proved to  be 
e f fe c tiv e .
The mass spectrum o f 227 had an in ten se  m olecular ion peak a t  
382 a.m .u. as expected. The p r in c ip le  fragment ions corresponded 
to  lo ss  o f C2 H5 OH from th e  m olecular io n , the  l a t t e r
t r a n s i t io n  being supported by a m etastab le peak, and a peak 
corresponding to  lo ss  o f  the  e n tire  upper s id e -ch a in  by cleavage 
o f  the  8,9 bond, w ith  and w ithout t ra n s fe r  o f a hydrogen atom to  
the remaining fragment. There were a lso  peaks o f low in te n s i ty  
in d ic a tin g  lo ss  o f w ater, and o f the  lower s id e-ch a in  by a ty p ic a l  
n-alkane fragm entation p a tte rn  (loss o f CH ,^ C2 H ^...
+ +
(M-C3 H7 ) and being r e la t iv e ly  in te n s e ) .
An experiment w ith  model thianone 221 in d ica ted  th a t  the  
enzymatic hydro lysis  procedure employed fo r  the  hydro lysis  
o f  enone 51 was s u ita b le  fo r  the  hydro lysis  o f  thianone e s te rs  
in  g en era l. The carboxylic  ac id  corresponding to  221 was 
thus obtained  in  10% y ie ld  as a yellow  o i l .  I t s  u l t r a - v io le t  
and in f ra - re d  sp ec tra  were s im ila r  to  those o f th e  s ta r t in g  
e s te r ,  except th a t  the  in f ra - re d  spectrum had an ex tra  broad 
band a t  3000 cm ^ due to  th e  hydroxyl group, and the  carbonyl 
bands were n o t se p a ra te ly  reso lved  (1709 cm ^ ) .
The enzymatic procedure was much le ss  successfu l when app lied  
to  the p rep ara tio n  o f p ro stag lan d in  analogue 228 from thianone 
e s te r  227. The crude p roduct, obtained in  only 11% y ie ld ,  was 
contaminated w ith  s ta r t in g  e s te r ,  even though work-up was no t 
attem pted u n t i l  no fu r th e r  ad d itio n  o f sodium hydroxide was 
necessary  to  m aintain a steady pH. D roplets o f o i l  were n o ticed  
in  the reac tio n  m ixture p r io r  to  d enatu ra tion  o f the enzyme, so 
i t  seemed l ik e ly  th a t  the  increased  hydrophobic ch a rac te r  o f  th e  
su b s tra te  (due to  the  lengthening o f the  lower side-chain ) had 
caused i t  to  coagu la te , thus p reventing  in tim ate  con tac t between 
e s te r  and enzyme.
Homogeneous, m ildly a lk a lin e  hydro lysis conditions (0.05M- 
potassium  carbonate in  3:1 m ethanol-water) were more su ccess fu l.
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The hydro lysis  was complete in  6 6  hours a t  room tem perature, as 
judged by g a s-liq u id  chromatography, and gave the crude ac id  
228 as a waxy s o lid  (m elting p o in t about 30°) in  691 y ie ld . The 
product was homogeneous to  th in  lay e r  chromatography on s i l i c a  
g e l, bu t sep a ra tio n  o f 228 from the acids derived  from the 
im p u rities  in  the s ta r t in g  e s te r  (believed to  be 229 and an 
isom eric compound) was no t a n tic ip a te d , considering  experience 
w ith  the e s te r .  The crude ac id  r e s is te d  many attem pts a t  
r e c ry s ta l l i s a t io n ,  showing a high tendency to  p re c ip i ta te  as an 
o i l ,  bu t even tually  a sm all r e c ry s ta l l is e d  sample (m elting p o in t 
43-49°) ,id e n tic a l  w ith  the crude product by in f ra - re d  spectroscopy 
and th in  la y e r  chromatography, was obtained . I t s  p ro ton  n u c lea r 
magnetic spectrum showed no sign  o f  a t e r t - bu ty l group, and was 
very s im ila r  to  th a t  o f  e s te r  227 ap a rt from the  expected absence 
o f e th y l e s te r  s ig n a ls . The coupling constan t r e la t in g  th e  low- 
,f ie ld  doublet o f  the 11-methylene AB q u a r te t to  the  12-methine 
group was 2.6 Hz; no o th e r s p l i t t in g s  o f the AB q u a rte ts  assigned 
to  the r in g  methylene groups were ap p aren t.
The in f ra - re d  spectrum o f acid  228 resembled th a t  o f  the  model ac id  
derived  from e s te r  221 in  th a t  i t  had a broad hydroxyl band a t  3100 cm  ^
and a s in g le  carbonyl band a t  1705 cm I t s  mass spectrum had a
m olecular ion peak a t  354 a .m .u ., as expected. The p r in c ip le  fragment 
ion peaks corresponded to  lo ss  from the  m olecular ion o f  ^ 0  (supported 
by a m etastable peak), o f 0 ^= 0  (OH) 2  + H (McLafferty rearrangem ent), 
o f  the e n tire  upper s id e-ch a in  by cleavage o f th e  8,9 bond (w ith and 
w ithout hydrogen tra n s fe r)  and stepw ise fragm entation o f th e  lower 
s id e -ch a in , (M-C^Hy) and (M-C^H^) provid ing  the most prominent o f  
the re lev an t peaks.
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EFFORTS DIRECTED TOWARDS THE SYNTHESIS OF 
FIVE-MEMBERED CYCLIC ENONES
DISCUSSION
E le c tro p h ilic  C h lo rination  o f Sulphides and Sulphoxides
In c o n tra s t  to  the alpha c h lo rin a tio n  o f ketones by t e r t - bu ty l 
h yp o ch lo rite , which depends on' the a c id ity  o f the alpha hydrogen 
atom (s), the  reac tio n s  o f  e le c tro p h il ic  c h lo rin a tin g  agents w ith 
su lphides and sulphoxides commence by ch lo r in a tio n  a t  su lphur.
The f in a l  products may be form ally the r e s u l t  o f  ox idation  a t  
sulphur or alpha c h lo r in a tio n , depending on the  na tu re  o f the 
su b s tra te , and on the  rea c tio n  cond itions.
E le c tro p h ilic  ch lo rin a tio n  o f su lphides and sulphoxides leads
79 215i n i t i a l l y  to  chlorosulphonium ions and chlorosulphoxonium ions
re sp e c tiv e ly . Chlorosulphonium ions generated w ith  t e r t - b u ty l
hypochlorite  are converted rap id ly  to  tert-butoxysulphonium  io n s ,
o r o th e r alkoxysulphonium ions i f  an alcohol (o ther than t e r t -
79butanol) is  employed as so lv en t. Alkoxysulphonium ions may be 
decomposed c lean ly  to  sulphoxides by the  a c tio n  o f  sodium .
b icarbonate , ^16,217 carbonate ^  or w ater, o r le ss
216 218e f f ic ie n t ly  by h ea t, some being unstab le  a t  room tem perature.
Sulphoxide 230 was th e re fo re  a p o ssib le  unwanted product o f  the
c h lo rin a tio n  o f  3“diketone £7 intended in  the  sy n th e tic  ro u te
shown in  Scheme 2, the  d esired  product being the 4-ch lorosu lph ide
231. The g en era lly  p re fe rred  so lven t fo r  t e r t - b u ty l hypoch lo rite
ox idation  o f su lphides i s  methanol. In the  absence o f sodium
carbonate o r w ater, the  ra te  o f  sulphoxide form ation increases
218considerab ly  on changing from a non-polar to  a p o la r  so lv en t.
This e f fe c t  is  presumably due to  a c ce le ra tio n  o f the decomposition
s te p , s in ce  the  sulphonium ions are  known to  be formed ra p id ly  a t  
o 79-78 . Formation o f a -ch lo ro  su lphides v ia  e le c tro p h ilic  
c h lo r in a tio n  o f  su lphides has no t been repo rted .
O
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231 X - Cl
Formation o f sulphones by analogous transform ations o f ch lo ro -
215-217 219sulphoxonium ions can occur, 9 bu t in  the. absence
o f  alcohol and o f w ater th e  usual products are  a -ch lo ro  sulphoxides.
Exceptions a r is e  when the  su b s tra te  contains a neighbouring
n u c leo p h ilic  su b s ti tu e n t,  such as a hydroxy o r amino group,
capable o f p a r t ic ip a tin g  in  the form ation o f a c y c lic  alkoxy-
215 219-221or alkylaminosulphoxonium ion . * S im ilar neighbouring
group p a r t ic ip a tio n  has re c en tly  been dem onstrated in  the  t e r t -
b u ty l hypochlorite  ox idation  o f  th ianes con tain ing  4-hydroxy and
804-carbonyl groups; p a r t ic ip a tio n  o f the carbonyl group is  thought 
to  involve p r io r  form ation o f  the  ketone hydrate .
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The form ation o f  a-chiorosulphoxides from chlorosulphoxonium 
ions may proceed by e i th e r  (1) e lim ination  o f hydrogen ch lo rid e  
followed by n u c leo p h ilic  a tta c k  by ch lo rid e  ion a t  the alpha 
carbon atom (path A)215,220,222"225 o r (2) base-promoted 
a b s tra c tio n  o f an alpha pro ton  and rap id  o r concerted m igration  
o f  ch lo rin e  from sulphur to  the  alpha carbon atom (path B).226-228 
The s tereochem istry  o f the ch lo rin a tio n  o f  conform ationally -b iased  
th ian -l-o x id e s  has re c en tly  been s tu d ied  by two groups o f  workers
w ith  th e  aim o f  d is tin g u ish in g  between the two p a th s , one favouring
222 226 path  A, the o th e r path  B. The two proposed mechanisms are
incorporated  in  Scheme 12, which shows how th e i r  stereochem ical
outcomes may d i f f e r .  C hlo rination  o f  tra n s  and c is  sulphoxides
252 and 233 leads to  chlorosulphoxonium ions 234 and 235
re sp e c tiv e ly , which a re  in te rc o n v e rtib le  v ia  n u c leo p h ilic  displacem ent
by ch lo rid e  ions p resen t in  the  reac tio n  medium. E lim ination  o f  hydrogen
ch lo rid e  (promoted by th e  counter anion) req u ire s  a tran s-co p lan a r
arrangement o f  the departing  atoms, and can th e re fo re  only occur
from th e  ca tio n  having a x ia l ch lo rin e  (234), lead ing  to  y l id  236.
The major product o f  path  A is  th e re fo re  239, re su lt in g  from a x ia l
222a tta c k  on 236 by ch lo rid e  ion o r by hydrogen ch lo rid e . Path B, 
on the  o ther hand, can account fo r  in stances in  which th e  major 
product is  o f  e i th e r  type (240 o r 239), s in ce  proton a b s tra c tio n  
can occur from e i th e r  chlorosulphoxonium ion (234 o r  235). The 
re su lt in g  y lid s  .23.7 and 238 may be in te rc o n v e rtib le  v ia  io n -p a ir  
form ation; ch lo rin e  m ig ra tion  leads to  the  f in a l  products 240 
and 239. I f  the e q u ilib ra tio n  s tep s  a re  r e la t iv e ly  slow (k in e tic  
co n tro l)  the product r a t io  is  determined by the s tereochem istry  o f  
the s ta r t in g  m a te r ia l,, th a t  is,, c h lo rin a tio n  o f  232 leads to  240 
ra th e r  than 239 as in  path  A, and so on. I f  the  ch lo rin e  m ig ra tion
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s teps are slow, the product r a t io  i s  determined by thermodynamic 
c o n tro l .
P a r tic u la r ly  strong  evidence fo r  path  A comes from the observation
th a t  the  only products formed from th ian-1 -ox ides 232 and 233
(R = phenyl, pr-chlorophenyl o r t e r t - bu ty l) and excess ch lo rin e
are  2 ,5 -d ich lo ro  compounds in  which th e  sulphoxide oxygen and
ch lo rin e  atoms are  a l l  c is  to  one another and tra n s  to  the
su b s titu e n t R, s tro n g ly  suggesting th a t  tra n s -d ia x ia l  e lim in a tio n
222o f hydrogen ch lo rid e  is  a v i t a l  s te p . These products would no t 
r e s u l t  from path  B under k in e t ic  c o n tro l, y e t are c e r ta in ly  no t 
the most thermodynamically s ta b le  isom ers. In  ad d itio n , path  B 
would allow geminal d ic h lo rin a tio n . C o n flic tin g  evidence is  
provided by the  observation  th a t  the product r a t io  can sometimes 
be in fluenced  by the  presence o f s i lv e r  n i t r a t e  c a ta ly s t .
C hlorination  o f 232 and 233 (R = £-chlorophenyl) w ith  (d ich lo ro iodo)- 
benzene,norm ally leads mainly to  239. In the presence o f  s i lv e r  
n i t r a t e  233 is  s t i l l  converted to  239, but 232 is  m ostly converted
9 7f\
to  240, ev iden tly  an instance  o f  k in e tic  co n tro l. This does 
not prove th a t  path  B i s  im portant in  the  absence o f s i lv e r  n i t r a t e ,  
but a t  le a s t  dem onstrates th a t  the r e la t iv e  importance o f  th e  two 
mechanisms depends on the rea c tio n  cond itions.
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RESULTS
In view o f the r is k  o f a tta c k  a t  sulphur during the ch lo rin a tio n  
o f dione 47, the syn th esis  o f  model enone 241 was undertaken.
The s ta r t in g  m ate ria l fo r  th is  sy n th e s is , 2-hepty lcyclohexan-l,3- 
dione (242), was prepared by th e  a lk y la tio n  o f cyclohexan-1,3- 
dione eno la te  w ith  iodoheptane.
241 242
The conditions which had been employed ro u tin e ly  fo r  the 
p rep ara tio n  o f 47 (sodium hydride , dimethylformamide) proved 
u n su itab le  fo r  th a t  o f  242. G as-liqu id  chromatographic an a ly s is  
o f samples o f the re ac tio n  m ixture p r io r  to  work-up, on a 
s il ic o n e  0V1 column a t  220°, in d ica ted  the  presence o f  four 
product components, e lu tin g  a t  3, 4, 12 and 19 m inutes. Only 
the f i r s t  o f these  was removed on treatm ent o f the samples w ith  
a lk a l i ,  suggesting th a t  i t  was the d esired  C -a lky la tion  product 
242, and th a t  the  o thers  were the r e s u l ts  o f 0- and d i-a lk y la tio n .
The ra t io s  o f the four products were about 10 : 80 : 5 : 5, th a t  
i s  th e  C : O -alky la tion  r a t io  was much lower than th a t  fo r  
th ia n -3 ,5 -dione under s im ila r  co n d itio n s, in  accordance w ith  the  
lower tendency o f the h e te ro cy c lic  diketone to  en o lise  (see page 80 ) 
The C -a lky la tion  product was separated  from the  reac tio n  m ixture by
158
p a r t i t io n in g  between d ie th y l e th e r  and aqueous sodium b icarbonate , 
and then recovered by a c id if ic a t io n  o f th e  aqueous ex tra c ts  and 
e x tra c tio n  w ith  d ie th y l e th e r . The crude product, obtained in  
only 5% y ie ld , melted a t  52-60° and was shown by g as -liq u id  
chromatography to  be contaminated w ith  cyclohexan-1, 3-dione 
and the major by-product e lu tin g  a t  4 m inutes. (The m elting 
p o in t o f  pure 242 was l a t e r  found to  be 90-91°.) More u se fu l 
r e s u l ts  were obtained using  the  conditions recommended by 
S te t te r  and D ierichs 145,155 c -a lk y ia tio n  o f
cyclohexan-1,3-dione w ith  sa tu ra te d  a lk y l h a lid e s , th a t  i s  w ith  
methanol as so lven t and potassium  as coun ter-ion . Work-up 
was conducted by removing the  so lven t and rep lac in g  i t  w ith 
d ie th y l e th e r , e x trac tio n  w ith  aqueous sodium hydroxide (more 
e f f ic ie n t  than the b icarbonate) and a c id if ic a t io n  o f  the  aqueous 
e x tra c t .  The C -a lk y la tio n  product 242 was p re c ip ita te d  immediately 
in  12$ y ie ld ,  and was s u f f ic ie n t ly  pure fo r  fu r th e r  sy n th e tic  
experim ents. G as-liqu id  chromatographic an a ly sis  o f  the  mother 
liq u o r showed only a tra c e  o f cyclohexan-1,3-dione. The u l t r a ­
v io le t  spectrum o f 242 showed a strong  t t  - >  t t *  absorp tion  a t
150263 nm (comparable to  2-m ethylcyclohexan-l,3-dione, 261 nm ) 
which, as expected, was s h if te d  to  longer wavelength (294 nm) 
on ad d itio n  o f a lk a l i .  I t s  in fra - re d  spectrum had ty p ic a l
3-diketone carbonyl bands a t  1736 and 1701 cm \  and bands 
due to  the enol form a t  3140 and 1590 cm
No re a c tio n  was observed between dione 242 and t e r t - b u ty l 
hypoch lo rite  in  chloroform , even a t  room tem perature overn igh t.
This f a i lu r e  was a t t r ib u te d  to  the  d ea c tiv a tin g  e f fe c t  o f  the  
2-heptyl s u b s titu e n t;  the in tro d u c tio n  o f a 2-methyl s u b s titu e n t 
’’notably  decreases” the a c id ity  o f cyclohexan-1,3-diones.
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This problfem was solved by changing to  a more p o la r  so lv en t,
t e r t - b u tan o l, which has been found u sefu l fo r  c h lo rin a tio n s  
229o f monoketones. The t e r t - b u ty l hypoch lo rite  was consumed
w ith in  a few minutes a t  25°, and chloro dione 243 was formed
in  q u a n tita tiv e  y ie ld . The product was low er-m elting (47-49°)
than dione 242, and had a longer g a s-liq u id  chromatographic
re te n tio n  time (7 minutes on s il ic o n e  0V1 a t  220°) . A
noteworthy fea tu re  o f i t s  g a s -liq u id  chromatographic behaviour
was p a r t ia l  therm al decomposition to  give a substance o f sh o rt
re te n tio n  time (2 m inu tes), thought to  be cyclopentenone 241.
The in f ra - re d  spectrum o f 243 showed ty p ic a l 3-diketone bands
-1a t  1737 and 1711 cm , and no in d ic a tio n  o f en o lic  m a te ria l.
O
243
The r in g -c o n trac tio n  o f chloro dione 243 was re a d ily  achieved 
using Buchi and Eggar’s co n d itio n s, re flu x in g  in  xylene w ith  
anhydrous sodium c a rb o n a te .^  Cyclopentenone 241 was obtained 
in  35% y ie ld  a f te r  d i s t i l l a t i o n .  I t s  g a s -liq u id  chromatographic 
re te n tio n  time on s il ic o n e  0V1 a t  220° was 2 m inutes, supporting  
the e a r l i e r  assignment o f the peak due to  thermal decomposition 
o f 243. The in f ra - re d  spectrum o f 241 contained bands due to  
the enone system a t  1703 (strong) and 1630 (weak) cm I t s
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(rin g  p o s itio n  3) a t  t 2 .7 , and the f i r s t  methylene group o f the 
seven-carbon s id e -ch a in  as a t r i p l e t  a t t  7.81. The mass spectrum 
of 241 showed the m olecular ion a t  180 a.m .u. and fragment ions 
corresponding to  lo ss  o f  H20 and a lk y l fragments CH^  - C7H15‘
Loss o f  H20 from the m olecular ion  was supported by a m etastab le 
peak.
As had been feared  (page 153) the  f i r s t  s tage  o f the 
conversion o f dione 41_ to  th io lenone 48 by th e  c h lo rin a tio n  - 
r in g -c o n tra c tio n  sequence was hampered by the  presence o f the  
sulphur heteroatom . This was c le a r ly  dem onstrated by an experiment 
in  which 47 was tre a te d  w ith  0 .9  equ ivalen ts o f  t e r t - b u ty l hypoch lo rite  
in  dichloromethane a t  -78° - room tem perature. Formation o f the  
d esired  chloro dione 231 was not expected to  occur under these  
co n d itio n s, considering  th e  r e s u l t  o f  the  model experiment w ith  
2-heptylcyclohexan-1,3-dione in  chloroform . N evertheless, about = 
h a l f  o f  the dione was consumed as judged by g a s-liq u id  chromatography 
o f reac tio n  m ixture samples, and potassium  iodide -  s ta rc h  te s t s  
were negative a f te r  one hour a t  room tem perature. The major p roduct, 
a w ate r-so lu b le , w hite s o lid  m elting a t  150-155° w ith  decom position, 
and no t e lu tin g  from s ilic o n e  0V1 a t  250° w ith in  60 m inutes, was 
p re c ip ita te d  in  25% y ie ld . These physica l p ro p e rtie s  were in  
strong  c o n tra s t to  those o f model chloro dione 243, suggesting th a t  
a d if f e re n t  type o f product had been formed. Thin lay e r  chrom atographic 
analyses showed th a t  the  l iq u id  phase o f the  re a c tio n  m ixture 
contained unchanged 47 and more o f  th e  substance which had been 
p re c ip ita te d . An a n a ly tic a lly  pure sample o f the product was 
obtained by r e c ry s ta l l i s a t io n  o f the p r e c ip i ta te ;  i t  was id e n t i f ie d  
as 2-chloro compound 244 (not sulphoxide 230 as had been an tic ip a te d )  
by elem ental a n a ly s is , and in f ra - re d , u l t r a - v io le t ,  proton n u c lea r 
magnetic resonance and mass sp e c tra l d a ta .
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The in f ra - re d  and u l t r a - v io le t  sp ec tra  o f 244 showed i t  to  be 
very en o lic , and in d ica ted  th a t  th e re  were two enol forms, 
showing th a t  the  in tro d u c tio n  o f ch lo rin e  had been accompanied 
by lo ss  o f symmetry. In the  in f ra - re d , th e re  were strong  
absorp tions a t  3018 (broad), 1520 and 1404 cm \  and no s trong  
band near 1050 cm ^ as would have been expected fo r  a sulphoxide. 
The u l t r a - v io le t  spectrum, measured a t  low pH, showed strong  
t t  * >  7 T *  absorptions fo r  the two enol forms a t  224 and 324 nm; 
a t  high pH these  s h if te d  to  248 and 366 nm. Four bands were 
observed under approximately n e u tra l con d itio n s. Even in  
deuteriochloroform  (in  which i t  was sp arin g ly  so lub le) 244 was 
s u b s ta n tia l ly  en o lic ; in  the  pro ton  n u clear magnetic resonance 
spectrum there-w as no s ig n a l a t  about t 6.4 as expected fo r  the  
methine pro ton  a t  the  4 -p o s itio n . The rin g  methylene group 
gave r i s e  to  a broad s in g le t  a t  x 7.07, and th ere  was a s in g le t  
a t  x 0.93 assigned jo in t ly  to  the 2-proton and to  the exchanging 
protons o f the  hydroxyl groups o f the two enol forms.
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In o rder to  o b ta in  a mass spectrum o f 244 i t  was necessary  to
use an i n le t  tem perature o f 200°, th a t  is  50 degrees above i t s
decomposition tem perature. The m olecular ion (320/322 a .m .u .) 
was no t observed, nor were any o th e r ch lo rin e -co n ta in in g  'species 
ap art from HC1. The h eav ies t ion d e tec ted  (568 a .m .u .) was 
presumably the r e s u l t  o f condensation o f two molecules o f  244 
w ith  e lim in a tio n  o f 2HC1. Fragment ions corresponding to  lo ss  
from th is  species o f 'C ^g O , C2 H5 OH, C2 H5 O + C2 HE-OH and^H ^O  +
C2 H5 OH + CO were observed. The o th er p r in c ip le  peaks in  the 
spectrum corresponded to  th e  fragment ions M-Cl, -(C l + EtOH),
-0C1 and -(0C1 + EtO H ). The occurrence o f the  condensation
rea c tio n  would exp la in  the  fa ilu re , o f 244 to  e lu te  from the
g a s-liq u id  chromatography column.
The form ation o f 2-chloro  compound 244 could no t have occurred 
v ia  i n i t i a l  proton a b s tra c tio n  a t  p o s itio n  2  o f  dione 47, s in ce  
th is  p o s itio n  i s  even le s s  a c tiv a te d  than p o s itio n  4. A p o ss ib le  
explanation  is  th a t  the i n i t i a l  a tta c k  was the  expected s id e -  
re ac tio n  - e le c tro p h ilic  c h lo rin a tio n  a t  su lphur. That th is  d id  
no t lead  to  sulphoxide form ation was presumably due to  the  in flu en ce  
o f the  carbonyl groups. The mechanism could be analogous to  path  B 
o f Scheme 12, s in ce  the  carbonyl groups would encourage a b s tra c tio n  
o f an alpha pro ton . Scheme 13 shows the  p o s tu la ted  mechanism fo r  
the  formation- o f 244 alongside the p red ic ted  course o f the  re a c tio n  
lead in g  to  sulphoxide 230.
I t  i s  known th a t  the  form ation o f t e r t - butoxysulphonium ions such
as 249 from chlorosulphonium ions such as 248 proceeds "quickly
eyen a t  -78°" and th a t  th e i r  equ ilib rium  l i e s  w ell in  favour o f  
79the  former. The conversion o f alkoxysulphonium ions to
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t-BuOCI
Schem e 13
47
t-BuO"
t-BuOH +
C K
t-BuOH
Cl
cr \ /  'o
245
Cl
247
244
t-B u  = (CHS),C
R = (CH2)6C 0 2C2H5
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sulphoxides i s  r e la t iv e ly  slow (a t le a s t  in  the  absence.of
sodium carbonate o r w a te r ) ; fo r  example, ethoxysulphonium ion
250 may be kept in  ethanol so lu tio n  fo r  30 minutes a t  room 
79tem perature.
218 X = Cl
219 x = ( c h 3) 3c o
250 X :  C2H50
The ju s t i f i c a t io n  fo r  proposing the  rou te  to  a-ch lo ro  su lphide 
244 shown in  Scheme 13 is  th a t  y l id  247 has ex tra  resonance 
s ta b i l i s a t io n  due* to  the  b e ta  carbonyl group, so th a t  the  o v e ra ll  
equ ilib rium  247 ^  245 ^ 246 l i e s  more in  favour o f 247 than
i t  otherw ise would. The sulphoxide oxygen atom o f the corresponding 
y lid s  formed from chlorosulphoxonium ions (fo r example 236, 237 and 
238) presumably plays a s im ila r  ro le ,  by sharing  the p o s itiv e  charge 
form ally lo ca ted  on the  sulphur atom. I t  may be supposed th a t  the  
rearrangement o f y l id  247 to  a-ch lorosu lph ide 244 would be a f a s t e r  
process than the  form ation o f sulphoxide 230 from alkoxysulphonium 
ion 246; the  comparable c h lo rin a tio n  o f th ia n -1-oxides i s  "very 
f a s t  even a t  low te m p e r a tu re s " .^
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Neighbouring group p a r t ic ip a tio n  o f the kind observed by Klein 
80and S to l la r  in  th ianr4 -ones was ev iden tly  n o t operating  to  
a s ig n if ic a n t  degree in  the  re a c tio n  o f 47 w ith  t e r t - b u ty l 
h y p o ch lo rite , s ince th is  would lead  to  sulphoxide 230; such 
p a r t ic ip a tio n  would req u ire  considerab le  d is to r t io n  o f the 
th ian -3 ,5 -d io n e  r in g .
In view o f  the  model c h lo r in a tio n s , i t  was o f in te r e s t  to  
determ ine the  e f fe c t  o f  using an a lco h o lic  so lven t w ith  dione 
47. Methanol was used in  p reference to  t e r t - b u tan o l, so th a t  
a lower tem perature could be employed. (2-A llyl-5-carbom ethoxy- 
cyclohexan-1 ,3 -dione is  2 -ch lo rin a ted  in  95% y ie ld  by t e r t - b u ty l
22q
hypoch lo rite  in  methanol a t  0°. J Any e le c tro p h il ic
c h lo r in a tio n  a t  sulphur was expected to  lead  to  sulphoxide 230
ra th e r  than a-ch lorosu lph ide 244, by analogy w ith  the reac tio n s
o f sulphoxides. In terms o f Scheme 13, the high concen tra tion
o f methanol was expected to  s h i f t  the chlorosulphonium ^
alkoxysulphonium equilib rium  in  favour o f the  methoxysulphonium
ion corresponding to  246, and the  h igher so lven t p o la r i ty  would
218a cc e le ra te  the  decomposition o f th e  alkoxysulphonium ion .
A small excess o f t e r t - b u ty l hypoch lo rite  was added to  dione 47 
in  methanol a t  -78°, followed by gradual warming to  room tem perature. 
Consumption o f the  dione, monitored by g a s -liq u id  chromatography, 
was complete by the time th e  tem perature had reached 0°; once again  
no products could be de tec ted  by g a s -liq u id  chromatography.
Evaporation o f the so lven t gave i n i t i a l l y  a l ig h t  brown o i l ,  which 
p a r t ly  s o l id if ie d  and developed an in ten se  purp le co lo u ra tio n  as 
the l a s t  tra ces  o f  so lven t were removed. Thin lay e r chrom atographic 
an a ly sis  o f  the  concen tra te  showed th a t  i t  contained 2-chloro  dione 244, 
one o th e r major p roduct, and one minor p roduct, in  ad d itio n  to  the
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coloured m a te r ia l. An in f ra - re d  spectrum showed a strong  band 
-1a t  1024 cm , suggesting th a t  the  major Unknown product was 
sulphoxide 230. U nfortunate ly , a pure sample o f  th is  component 
could no t be iso la te d  by p rep ara tiv e  th in  la y e r  chromatography. 
However, i t  seemed th a t  th e  p r in c ip a l e f fe c t  o f th e  change o f 
so lvent, had been to  p a r t i a l ly  d iv e r t the  re a c tio n  from 
2 -ch lo rin a tio n  to  sulphoxide form ation, and not to  the d es ired  
4-ch lo r in a t  io n .
C hlo rination  o f dione 47 a t  the  d es ired  p o s itio n  might be
f a c i l i t a t e d  by the  in tro d u c tio n  o f  an ace ty len ic  linkage between
p o s itio n s  5 and 6 o f the  s id e -ch a in , s ince 2 -a lkynylcyclohexan-l,3 -
diones are re a d ily  a -ch lo rin a ted  by t e r t - b u ty l hypoch lo rite  in  
57 65chloroform . ’ Some improvement might a lso  be obtained by using
a more p o la r  so lv en t, bu t choice would be lim ited  by the  cond ition
o f in e rtn e ss  to  the  c h lo rin a tin g  agent. A cetic a c id , a c e to n i t r i le
218or acetone might prove s u ita b le . An a l te rn a t iv e  approach could 
be to  use a la rg e  excess o f t e r t - bu ty l hypoch lo rite  in  a hydroxylic 
so lv en t, w ith  the  aim o f  ob ta in ing  a 4-chloro  sulphoxide o f type 251. 
The sulphoxide function  could then be reduced a t  a l a t e r  s tag e  in
the  sy n th es is . Mild reagents capable o f deoxygenating sulphoxides
231 73?include t i n ( I I )  c h lo rid e , tita n iu m (III )  c h lo rid e , and
233dichloroborane.
O
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CONCLUDING REMARKS
The accomplishment o f  the  syn th esis  o f  enone 51 and i t s  
read iness to  p a r t ic ip a te  in  conjugate ad d itio n  reac tio n s  
w ith  lith iu m  diogranocuprates dem onstrate the  usefu lness 
o f the  sy n th e tic  approach o f Scheme 2 fo r  th e  p rep ara tio n  
o f thianone analogues o f p ro stag lan d in s. >
Compared to  cyclohexan-1, 3 -d ione, th ian  - 3 ,5-d ione, the 
s ta r t in g  m a te ria l o f  the  second approach, i s  more s e n s itiv e  
to  a lk a l i  and to  atm ospheric degradation , le ss  en o lic , and 
le s s  d i f f i c u l t  to  C -a lk y la te . Amongst the  a lk y la tin g  agents 
t r i e d ,  the  most successfu l was a sa tu ra te d  a lk y l h a lid e , 
e th y l 7-iodoheptanoate, h a lid es  con ta in ing  a , 3 u n sa tu ra tio n  
g iv ing  poor r e s u l t s ,  w h ils t the  most s u ita b le  re a c tio n  so lv en t 
found was dimethylformamide. S atu ra ted  a lk y l h a lid es  and 
d ip o la r a p ro tic  so lven ts do no t favour C -a lk y la tio n  over 
O -a lk y la tio n , bu t th e i r  use in  th is  in stan ce  led  to  g re a te r  
freedom from o th e r s id e -re a c tio n s  and to  r e la t iv e ly  good y ie ld s .
The b e s t rou te  found fo r  the  conversion o f 2 -a lk y la ted  th ia n -3 ,5 -  
diones to  six-membered enones such as 31 proceeds v ia  isopropyl . 
enol e th ers  such as 50, which are  re a d ily  prepared by a lk y la tio n  
w ith  isopropyl io d id e , using potassium  carbonate in  re flu x in g  
acetone. S a tis fa c to ry  conditions fo r  a c id -ca ta ly sed  generation  
o f enol e th e rs  were no t found. Sodium borohydride is  a convenient 
reducing agent fo r  enol e th e r  50, and does no t a tta c k  the e s te r  
function  o f the  s id e-ch a in ; however, some 1,4 red u c tio n , lead ing  
to  d io l 187, was observed.
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The a p p lic a tio n  o f  the  second approach to  th e  syn th esis  o f  
p rostag land in  analogues con ta in ing  sulphur in  a five-membered 
rin g  was hampered by the  read iness o f  sulphur to  undergo 
e le c tro p h ilic  c h lo r in a tio n , as had been fea red . This problem 
may no t be an insurm ountable one, bu t th e  question  o f whether 
five-membered enones o f type 252 would be s u ita b le  su b s tra te s  
fo r organocuprate conjugate add itions remains unanswered.
EXPERIMENTAL DETAILS
Dry Solvents
D iethyl e th e r , petroleum  e th e r , benzene, to lu en e , and xylene 
were s to red  over fresh ly^p ressed  sodium w ire (ca 1 g per 1 o f 
s o lv e n t) . Carbon te tra c h lo r id e  was s to red  over phosphorous 
pentoxide, f i l t e r e d ,  and d i s t i l l e d .  Diglyme (d ie thy lene glycol 
dimethyl e ther) was s to red  over calcium  hydride and d i s t i l l e d  
from lith iu m  aluminium hydride. Tetrahydrofuran was re  fluxed 
w ith  f re sh ly  p ressed  sodium w ire u n t i l  hydrogen evolu tion  ceased, 
then d i s t i l l e d  immediately; th is  procedure removed tra c e s  o f 
peroxides as w ell as w ater. D im ethylsulphoxide, N,N-dimethyl- 
formamide and acetone were s to red  over M olecular Sieve 4A. 
Chloroform was s to re d  over calcium ch lo rid e  and d i s t i l l e d .  
t e r t - Butyl alcohol was refluxed  w ith small p ieces o f  sodium 
(ca 3 g p er 100 ml) u n t i l  the metal was about tw o-th irds 
d isso lved , then d i s t i l l e d  from th e  rem ainder.
Gases
In the  follow ing te x t ,  "n itrogen’1 re fe r s  to  the oxygen-free gas. 
N itrogen and argon were d ried  by passage through a w ash-bo ttle  
o f  concentrated su lphuric  ac id  and a U-tube o f potassium  hydroxide 
p e l le t s ,  un less the gas was being used in  conjunction w ith an 
aqueous system.
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Reagents and S ta rtin g  M ateria ls
S olutions o f  inorgan ic  reagents were aqueous unless another 
so lven t i s  sp e c if ie d . pH Readings were made w ith  narrow- 
range u n iv e rsa l in d ic a to r  papers (BDH) and are  accurate to  
w ith in  ca 0 .3  u n its .  A lcoho l-free  sodium methoxide and ■ ■
sodium ethoxide were prepared by d isso lv in g  small p o rtio n s  o f  
sodium m etal in  the app rop ria te  alcohol and removing the  excess 
so lv en t in  vacuo (ca 1 mmHg) a t  about 200°. ’'Potassium t e r t -  
butoxide” re fe rs  to  m a te ria l ob tained from Fluka unless sp e c if ie d  
as ’’f re sh ly  prepared". C yclohexan-l,3-dione s ta b i l i s e d  w ith  3% 
sodium ch lo rid e  was obtained  from Ralph N. Emanuel Ltd. I t  was 
p u r if ie d  p r io r  to  use by d is so lu tio n  in  chloroform , washing (w a te r) , 
d iy ing (sodium su lphate) and concen tra tion  o f  the  chloroform  
s o lu tio n , r e c ry s ta l l i s a t io n  o f the  residue from e th y l a c e ta te , 
washing (d ie th y l e th e r ) ,  and drying in  vacuo ( s i l i c a  g e l) .  The 
p u r if ie d  dione, m.p. 103-105°, could be s to red  fo r  long periods 
a t  -24° w ithout d e te r io ra tio n .
Instrum entation  and A n a ly tica l Methods
M elting p o in ts  were determined on an E lectro therm al IA 6301 o r a 
Gallenkamp MF-370 apparatus, and are uncorrected .
G as-liqu id  chromatographic ( g . l .c . )  analyses were made w ith  a 
Perkin-Elm er F 11 Chromatograph f i t t e d  w ith  a flame io n isa tio n  
d e te c to r . The c a r r ie r  gas was n itro g en  flowing a t  ca 20 ml/min, 
and the  in je c tio n  tem perature was 300° or 80° above the oven 
tem perature, whichever was h igher. Two types o f pre-packed
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columns (Perkin-Elmer) were used ro u tin e ly . In each the  
s ta tio n a ry  l iq u id  phase was a s il ic o n e  grease c lassed  as 
Mnon-polarM (having no p o la r o r p o la r isa b le  fu n ctio n a l groups) 
u se fu l fo r  general purpose separa tions based on v o la t i l i ty ,  
and re ta in in g  Mnon-polarM compounds longer than "p o la r’1 
compounds o f  s im ila r  b o ilin g  p o in t. Diatomaceous s i l i c a ,  
p u r if ie d  by washing w ith  hydroch loric  ac id , and tre a te d  w itly 
d im ethy ld ich lo rosilane  to  convert su rface  s ila n o l groups to  
s i l y l  e th ers  (to  reduce su rface  a c t iv i ty  and peak ta i l in g )  
was used as th e  support medium fo r  both types o f l iq u id  phase.
In the  follow ing te x t ,  "UCW 98” denotes a column packed w ith  
1% UCW 98 (methyl v in y l siloxane) on Chromosorb W, and "0V1” 
denotes a column packed w ith  2\% s il ic o n e  0V1 (methyl s iloxane) 
on Chromosorb G. The columns were 6 f t  c o ils  o f  0.25 in  o .d . 
g lass  tubing . R etention times (tp) were measured from th e  p o in t 
o f  in je c tio n  to  the  t i p  o f the  peak. R ela tive  peak areas 
(expressed as a percentage in  paren theses) were estim ated  from 
the  products o f he igh t and h a lf-h e ig h t w idth.
A naly tica l th in  lay e r chromatography was performed on p la s t i c  
shee ts  p re-coated  w ith  s i l i c a  gel 60 F2 5 4 > lay er th ickness 
0.25 mm (Merck). P rep ara tiv e  th in  la y e r  chromatography was 
performed on g lass  p la te s  p re-coated  w ith  s i l i c a  gel F2 5 4 » 
la y e r  th ickness 2 mm (Merck). The p la te s  were viewed under 
u l t r a - v io le t  l ig h t ;  da ta  are expressed as Rp v a lu es , the  r a t io  
o f the  d istan ce  tra v e lle d  by the  so lu te  to  the d is tan ce  tra v e l le d  
by th e  so lven t.
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U ltra -v io le t  sp e c tra  were measured in  ethanol using a Unicam .
SP 800 spectrophotom eter. The concen tra tion  o f each sample 
was chosen so th a t  the maximum absorbance in  a 1 cm s i l i c a  
c e l l  was ca 1. pH E ffec ts  were determined by adding a drop 
o f e i th e r  2M -hydrochloric ac id  (denoted "acid") o r  2M-sodium 
hydroxide (denoted ’’a lk a lin e" )  to  the sample c e l l .
In fra -re d  sp ec tra  were recorded on a Perkin-Elm er 257 g ra tin g  
spectrophotom eter. The physica l s ta te  o f the sample is  
in d ica ted  in  parentheses as fo llo w s: th in  liq u id  film  ( f ilm ) ,
carbon te tra c h lo r id e  so lu tio n  (CCl^), chloroform  so lu tio n  
(CHClg), potassium  bromide mull (KBr)
Proton n u clear m agnetic. resonance sp ec tra  were recorded fo r  
deuteriochloroform  so lu tio n s  on a Perkin-Elmer R 10 spectrom eter 
(60MHz) o r a Bruker WH90 pu lse Fourier transform  spectrom eter 
(90MHz), w ith  te tra m e th y ls ilan e  as in te rn a l s tandard . The 
t . sc a le , where te tra m e th y ls ilan e  is  assigned a chemical s h i f t  
o f 10 p .p .m ., i s  used. In te n s i t ie s  are expressed as numbers o f  
protons p e r molecule (H).
Mass sp ec tra  were measured in  an AEI MS 12 s in g le -fo cu sin g  
spectrom eter w ith  e lectron-im pact io n isa tio n  a t  70 eV. D irec t 
sample in se r tio n  was employed, a t  the  tem perature given in  
paren theses. M etastable peaks are denoted by an a s te r is k .
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M icroanalyses were performed by Dr. F.B. S trauss a t  the  
M icroanaly tica l Laboratory, 10 C arlton Road, Oxford.
A dditional abbrev ia tions used in  the follow ing te x t include:
e, molar e x tin c tio n  c o e f f ic ie n t ;  *max, wavelength o f an
absorption  maximum; y , frequency o f  an absorp tion  maximum;max
b .p . ,  b o ilin g  p o in t; B, base peak; b r ,  broad; d , doublet;
J ,  coupling co nstan t; m, m u ltip le t;  m/e> mass:charge r a t io ;
■ *4* •m .p ., m elting p o in t; M , m olecular ion ; q , q u a r te t;  s ,  s trong  
(describ ing  an in fra - re d  absorp tion  band) or s in g le t  (describ ing
a n u c lear magnetic resonance s ig n a l) ;  t ,  t r i p l e t ;  w, weak.
•  ...............
Ethyl 3- (carbomethoxymethylthio) hexanoate [91)
A m ixture o f  methyl th io g ly c o lla te  (22 ml, 0.22 m ol), e th y l 
hex-2-enoate (28.4 g, 0 .2  mol-), "T riton  B" (40% aqueous • 
benzyltrimethylammonium hydroxide) (4 ml) and benzene (35 ml) was 
refluxed  fo r  15 h , cooled, washed (d ilu te  sodium hydroxide and 
w ater) and dried*(sodium  su lp h a te ) . F i l t r a t io n  and evaporation  
gave e th y l 5 -(carbomethoxymethylthio) hexanoate (91) as a co lo u rle ss  
o i l  (41.1 g, 83%), t ^  (UCW 98, 120-180° a t  3 deg/min) 13.4 min, 
y_._v (film ) 1740s,br cm A sample was d i s t i l l e d  (b .p . 100° a t
i J l d A
0.15 mmHg, recovery 70%).
4-Carbethoxy-5 -propylth io la n -3-one (90)
Method A
Ethyl 3 - (carbomethyoxymethylthio)hexanoate (91) (25 g, 0 .1  mol) 
was added g radually  to  a c h i l le d ,  s t i r r e d  suspension o f  sodium 
ethoxide (prepared from 3.5 g sodium, 0.15 mol) in  dry d ie th y l 
e th e r  (40 m l), under n itro g en . More d ie th y l e th e r  (60 ml) was 
added to  a id  s t i r r i n g  o f the  re s u lta n t  p a s te . The m ixture was
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s t i r r e d  a t  room tem perature fo r  a few m inutes, then c h il le d .  A 
so lu tio n  o f  a c e tic  ac id  (9.1 m l, 0.16 mol) in  ice-w ater (50 ml) 
was added, and the  organic la y e r  was separa ted . The e th e r  lay e r 
was washed (w ater), d ried  ( s o d iu m  su lphate) and concentrated . The 
residue was d i s t i l l e d  giving 4 -carbethoxy-5-p ropy lth io la n -3 -one 
(90) as a pa le  yellow  o i l  (12.5 g, 48% from, e th y l hex -2 -enoate), 
b .p . 98-100° a t  0 .6  mmHg, ^  (UCW 98, 120-180° a t  3 deg/min)
9.1 (35%) and 10.3 min (65%), y (film ) 1730s,br (ring  and
l l ic iA
e s te r  CO), 1650w (enol, che la ted  CO) and 1605w cm"* (enol, C=C), 
t  (60MHz) 5.8 (2H, q , J  7 Hz, OCH2CH3) , 6.25 (2H, s ,  SCH2C0),
6.4-8 (m, 2H, SCHCHCO), 8.4 (4H, b r s ,  C H ^ a y , 8.7 
(3H, t ,  J  7 Hz, OCH2CH3) and 9.05 (3H, t ,  J  4 Hz, CH2CH2CH3) .
A permanent r e d -v io le t  co lou ra tion  was obtained  from a methanol 
so lu tio n  o f the  product (90) (175 mg, 0.81 mmol) and 0.117M 
f e r r i c  ch lo rid e  (5.95 ml, 0.70 mmol). The re s u lt in g  m ixture 
was concentrated  and ex trac ted  w ith benzene, and the ex trac t, 
washed (water) and d rie d  (sodium su lphate) to  give a purple 
o i l  (180 mg), s im ila r  in  g . l . c .  behaviour and in f ra - re d  
absorp tion  to  90.
Method B
The procedure o f Method A was rep ea ted , except th a t  benzene was 
used in  p lace o f d ie th y l e th e r , and the  re ac tio n  m ixture was 
re fluxed  fo r  2h. For work-up, the  cooled m ixture was tre a te d  
w ith  ic e -c o ld  w ater, and the  crude product was obtained by 
n e u tra l is in g  the aqueous phase w ith lM -sulphuric a c id , and 
benzene e x tra c tio n . The benzene e x tra c t was d ried  (sodium 
su lphate) and concentrated , and the residue d i s t i l l e d  to  give
4 -carbethoxy-5 -p ro p y lth io lan -3 -one (90) as a yellow  o i l  (22% 
from e th y l hex-2-enoate), b .p . '80-110° a t  0 .5  mmHg, t R (UCW 98,
175
120-180° a t  3 deg/min) 9.1 (751) and 10.3 min.(25°6) ,  y (film)max
3100br (enol, OH) 1755s and 1735s (poorly reso lv ed , r in g  and 
e s te r  CO r e s p e c t iv e ly ) ,1658, 1610 cm
Method C 92
A so lu tio n  o f methyl th io g ly c o lla te  (_20 ml, 0 .2  mol) in  dry
benzene (15 ml) was added to  a s t i r r e d  suspension o f sodium
ethoxide (prepared from 4 .6  g sodium, 0 .2  mol) in  dry benzene
(25 m l), under n itro g e n , below 10°. A so lu tio n  o f  e thy l
hex-2-enoate (26.4 g, 0.186 mol) in  dry benzene (20 ml) was
added below 10°, and th e  m ixture was then  reflu x ed  fo r  2h. .
Work-up as in  method B above gave 4 -carbethoxy-5-propy lth io lan-
3-one (90) as a p a le  yellow o i l  (14.0 g , 35%) b .p . 78-99° a t
0 .5  mmHg. (Found: C, 55.47; H, 7.39; S, 14.75. C^qB^SO^
req u ires  C, 55.54; H, 7 .46; S, 14.801), ^  (UCW 98, 120-180°
a t  3 deg/min) 9.1 (70%) and 10.3 iiiin (30%), y (film )max
3100br, 1758s, 1735s, 1662s, 1620 cm permanent red colour 
w ith  f e r r ic  ch lo rid e .
Method D ^  .
Methyl th io g ly c o lla te  (20 ml, 0 .2  mol) was added to  a c h i l le d ,  
s t i r r e d  so lu tio n  o f sodium ethox ide , prepared from sodium 
(4.6 g, 0 .2  mol) and ethanol (100 m l). The so lven t and excess 
th io l  were removed by d i s t i l l a t i o n  under reduced p ressu re^  
leav ing  a w hite s o lid  which was suspended in  dry dim ethylsulphoxide 
(10 m l). The suspension was c h il le d  and tre a te d  w ith  e th y l 
hex-2-enoate (28.4 g, 0 .2  m l). The re su lt in g  mixture was s t i r r e d  
a t  room tem perature fo r  30 min, c h i l le d ,  poured in to  ic e -co ld  3M- 
su lphuric  acid  (33.5 m l), and ex trac ted  w ith  d ie th y l e th e r .
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The e x tra c t was washed (sa tu ra ted  SQ dium  c h lo r id e ) , d ried  
(sodium su lphate) and concen tra ted , and the  residue was d i s t i l l e d  
to  give 4 -carbethoxy-5-propyth io lan-3-one (90) as a pa le  yellow  
o i l  (23.9 g, 561), b .p . 92-99° a t  0 .5  mmHg, t R (UCW 98, 120-180° 
a t  3 deg/min) 9.1 (60%) and 10.3 min (40%), (film ) 3100br,
1755s, 1730s, 1660s and 1618 cm'1 . .
E thyl 4-bromocrotonate (93) and methyl 4-bromocrotonate 
N-Brpmosuccinimide (360 g , 2 mol) was added to  a s t i r r e d  so lu tio n  
o f e th y l c ro to n ate  (250 g , 2.2 mol) in  dry carbon te tra c h lo r id e  
(1.2 1 ). Dibenzoyl peroxide (10 g , 40 mmol) was added, and th e  
m ixture was heated to  75°. A fte r  an i n i t i a l  period  o f exo therm ic ity , 
the m ixture was heated to  re f lu x  fo r  3h, cooled, f i l t e r e d  to  remove 
succinim ide, washed (water) and d ried  (sodium su lp h a te ) . D is t i l l a t io n  
gave e th y l 4-bromocrotonate (93) as a yellow  o i l  (280 g , 72.5%), 
b .p . 98-110° a t ca 20 mmHg, (0V1, 160°) 2.2 min, Ymax (film )
1720s, 1654, 978 cm**1 (tra n s  CH=CH).
Methyl 4-bromocrotonate was prepared by the  same procedure
(7-3% y ie ld ) ,  b .p . 94-106° a t  ca 20 mmHg, y (film ) 1721s, 1657,max
977 cm'1 .
E thyl 4 -acetoxycrotonate (32)
A m ixture o f e th y l 4-bromocrotonate (93) (193 g, 1 m ol), sodium
a c e ta te  (100 g, 1.2 mol), a c e tic  ac id  (210 ml) and w ater (1 ml)
was refluxed  1.5 h , cooled, and poured in to  ic e -c o ld  w ater (2 1 ).
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The product was ex tra c ted  w ith  d ie th y l e th e r ,  and th e  e x tra c t  was
washed repeated ly  (w ater, and sodium b icarbonate  so lu tio n ) to'
remove a c e tic  a c id , d ried  (sodium su lphate) and d i s t i l l e d  to
give e th y l 4 -acetoxycrotonate (32) as a co lo u rle ss  o i l
(127.S g. 744),' b .p . 120-140° a t  ca 20 mmHg, (0V1, 160°)
2.6 min, y (film ) 1749s (e thy l e s te r ) ,  1668 (C=C), 1230s max
(a c e ta te ) ,  970 cm ^ (tran s  CH=CH).
Reactions o f methyl and e th y l th io g ly c o lla te s  w ith  e thy l 4-acetoxycro tonate
Run 1 (Table 2) .
Ethyl 4-acetoxycrotonate (111.9 g , 0.65 mol) was added to  a c h i l le d ,  
dry dim ethylsulphoxide (325 ml) suspension o f th e  S -so d io th io g ly co lla te  
obtained from sodium (15.0 g, 0.65 m ol), e th an o l, and methyl 
th io g ly c o lla te  as in  method D fo r  4-carbom ethoxy-5-propylth io lan -3 -o n e  
(90) (page 176). The m ixture was s t i r r e d  fo r  30 min a t room 
tem perature, c h i l le d ,  poured in to  ic e -co ld  3M~sulphuric ac id  
(108 m l), and ex trac ted  w ith  d ie th y l e th e r . The e x tra c t was 
washed (w ater, and sa tu ra te d  sodium ch lo rid e  s o lu t io n ) , d ried  
(magnesium su lp h a te ) , and concen tra ted , and th e  residue  was d i s t i l l e d  
to give impure 33 as a red  o i l  (66.6 g , 35%), b .p . 140° a t  1 .1  mmHg.
A p u rer sample o f  e th y l 4- acetoxy- 3- (carbethoxym ethylthio)butanoate 
(33 ) was obtained by r e d i s t i l l a t i o n  as a pa le  yellow o i l ,  b .p .
1 4 4 - 1 4 6 ° a t  0.45 mmHg, (UCW 98, 180°) 4 .0  min, y ^  (film )
1733s,br, t (60MHz) 5.6 (6H, m, two OCH2CH3 and CH2OCOCH3) , 6.4 
(1H, m, SCH), 6.67 (2H, s , SCH2) , 7.36 (2H, d , J  7 Hz, h ig h - f ie ld  
l in e  had d s p l i t t i n g ,  J  2 Hz, CH2C02C2H3) , 7.94 (3H, s ,  C0CH3) and 
8.72 (6H, t ,  J  7 Hz, two OCH2CH3) .
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Run 2 (Table 2)
The procedure o f run 1 was repeated  (0.2 mol s c a le ) ,  except th a t
the e th y l 4-acetO xycrotonate (32) was added d u r in g '2.5 h a t  50°,
and .the  re a c tio n  m ixture was kept a t  th is  tem perature fo r  16 h.
D is t i l la t io n  o f the  crude product a t  1 mmHg gave two f ra c t io n s ,
b .p . 126-136° (6-.8 g) and 140-174^ (16.8, g) . G .l .c .  analyses
(UCW 98, 180°) showed th a t  the  h ig h e r-b o ilin g  f ra c tio n  co n s is ted
mainly o f  e th y l 4 -acetoxy- 3 - (carbethoxym ethylthio)butanoate (33),
whereas the  low er-bo iling  f ra c tio n  contained ca 50$ 33 and 50$
of a component o f  t^  1.2 min. The l a t t e r  f ra c tio n  was d isso lved
in  d ie th y l e th e r  and the  so lu tio n  shaken w ith  sa tu ra te d  copper(II)
ace ta te  so lu tio n , to  give a brown, powdery copper(II) s a l t  (1.5 g ) ,
m.p. ca 130°. The powder was shaken w ith  3M~sulphuric ac id  (1.5 ml)
and d ie th y l e th e r  (25 m l); i t  d id  n o t com pletely d isso lv e . The
e th e r e x tra c t  was f i l t e r e d ,  washed (sodium bicarbonate  so lu tio n
and w a te r) , d ried  (magnesium su lphate) and concentrated  to  give
5-acetoxymethyl-4 -carbethoxyth io lan-3-one (34) as a brown o i l  (300 mg),
t D (UCW 98, 180°) 1.2 min, y (film ) 1740s, 1660 (enol, che la ted  —k max
C=0), 1618 cm-1 (eno l, C=C).
Run 5 (Table 2)
Solutions o f  e th y l th io g ly c o lla te  (21.4 ml, 0.195 mol) in  dry 
benzene (30 ml) and e th y l 4-acetoxycrotonate (32) (31.0 g , 0.18 mol) 
in  dry benzene (200 ml) were added consecu tively  to  a s t i r r e d  
suspension o f sodium ethoxide (from 4.15 g sodium, 0.18 mol) in  
dry benzene (60 m l), below 12°. The m ixture was re  fluxed fo r  2h, 
cooled, and poured in to  w ater (150 m l). The re su lt in g  o rgan ic  la y e r  
was ex trac ted  fu r th e r  w ith  w ater, d ried  (magnesium su lphate) and 
concentrated  to  give e th y l 4 -acetoxy- 3 - (carbethoxym ethylth io)butanoate 
(33) as an orange o i l  (20.0 g, 30$). The combined aqueous la y e rs
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were a c id if ie d  to  pH 3 w ith  3M-sulphuric ac id  (20 ml) and ex trac te d  
w ith  benzene. The benzene e x tra c t was d ried  (magnesium sulphate) 
and concen tra ted , and th e  residue d i s t i l l e d  to  give 5-acetoxymethyl-
4 -carbethoxy th io lan -3-one (34) as a yellow  o i l  (1.9 g, 4$), b .p . 
128-192° a t  1 mmHg, ^  (UCW 98, 180°) 1.2 min, ymax (film ) 1740s,
1660 and 1618 cm . A sample o f  the  l a t t e r  product (34) (21.4 mg,
87 ymol) gave a permanent red  co lo u ra tio n  w ith  0.0117M -ferric 
ch lo rid e  (0.09 ml, 1 ymol).
Run 9 (Table 2)
Ethyl th io g ly c o lla te  (86.4 ml, 0.785 m ol), in  dry benzene (250 ml) 
was added to  a s t i r r e d  suspension o f  potassium  t e r t - butoxide 
(77.0 g, 0.685 mol) in  dry benzene (500 ml) under n itro g en , below 
10°. E thyl 4-acetoxycro tonate  (32) (118.0 g, 0.685 mol) in  dry 
benzene (200 ml) was added g rad u a lly , below 6°. During th e  nex t
1.5 h , the re a c tio n  tem perature was allowed to  r i s e  only to  7°.
The m ixture was then tre a te d  w ith  w ater (450 ml) the  aqueous phase 
was e x trac ted  w ith  benzene, and th e  benzene e x tra c t washed (2M 
potassium  hydroxide and w a te r) , d ried  (sodium su lphate) and 
concentrated . The residue was d i s t i l l e d  to  give e th y l 4-acetoxy-
3 - (carbethoxym ethylth io)butanoate  (33) as a yellow o i l  (97.75 g,
491), b .p . 136-139° a t  0.15 mmHg, ^  (UCW 98, 180°) 4 .0  min,
t R (0V1, 200°) 7.4 min.
5-Acetoxymethyl-4-carbethoxyth io lan-3-one (34) from e th y l
4-acetoxy-3 - (carbethoxym ethylthio)butanoate (33)
(Run 16, Table 3)
A so lu tio n  o f  e th y l 4-aceto:xy-3- (carbethoxym ethylthio)butanoate (33) 
(48.4 g, 0.166 mol) in  dry to luene (200 ml) was added to  a suspension 
o f sodium hydride (Koch-Light) (7.95 g , 0.332 mol) in  dry to luene
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(200 m l), s t i r r e d  under n itro g en  a t  21-22°. The progress o f  th e  
reac tio n  was followed by observation  o f hydrogen ev o lu tion , and by 
g . l . c .  o f  samples o f  the m ixture. The re a c tio n  was in i t i a t e d  by 
hea ting  to  50° and ad d itio n  o f a drop o f e thano l. I t  was judged 
complete a f te r  24 h a t  50° and 16 h a t  room tem perature. . The 
m ixture was cooled to  5° and poured in to  a v igorously  s t i r r e d  
b u ffe r  so lu tio n  c o n s is tin g  o f sodium dihydrogen orthophosphate 
.d ihydrate  (155 g) and sodium hydroxide (12 g) d isso lved  in  
w ater ( to ta l  volume 850 m l). The m ixture was ex trac ted  w ith  
to lu en e , the e x tra c t  washed (w ater), d rie d  (sodium sulphate) 
and concen tra ted , and the  residue d i s t i l l e d  to  give e thy l 
th io g ly c o lla te  as a co lo u rless  o i l  (1.5 g , 7.5%), b .p . 22-58° 
a t  10 mmHg, t^  (0V1, 200°) 0.55 min, in f ra - re d  spectrum id e n tic a l  
to  th a t  o f au th en tic  m a te r ia l, and 5-acetoxym ethyl-4-carbethoxythiolan-
5-one (54) as a pale  yellow o i l  (7.0 g, 17%) b .p . 126-130° a t
0 .2  mmHg, t D (0V1, 200°) 1.65 min, (film ) 1740s,b r, 1662,—i\ max
1620, 1237s cm  ^ (a c e ta te ) .
E thyl 4 -acetoxy- 3 - ( carboxym ethylthio)butanoate (97)
A so lu tio n  o f th io g ly c o ll ic  ac id  (52.5 ml, 0.76 mol) in  dry benzene 
(400 ml) was added to  a s t i r r e d  suspension o f potassium  t e r t -  
butoxide (85.1 g, 0.76 mol) in  dry benzene (950 ml) under n itro g e n , 
below 10°. A so lu tio n  o f e th y l 4-acetoxycrotonate (52) (133.8 g,
0.78 mol) in  dry benzene (400 ml) was added, and the  m ixture was 
refluxed  fo r  20 h , cooled, poured in to  m e ch an ica lly -s tirred  ic e -  
w ater (400 m l), and a c id if ie d  w ith  1M"-sulphuric ac id  (380 m l).
The aqueous la y e r  was ex trac ted  w ith  benzene, and the  combined 
benzene so lu tio n s  were washed (w ate r), d ried  (sodium su lphate) and 
concentrated  to  give e th y l 4 -acetoxy- 5- (carboxym ethylthio) butanoate 
(97) as a red o i l  (159.7 g, 80%), y (film ) 3200s,b r, 17 3 0 s,b r,
J J l c l A
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1230br cm ^
Ethyl 4 -acetoxy- 3- (t e r t - butoxycarbonylmethy1thio)butanoate (96)
A m ixture o f  e th y l 4-acetoxy-3-(carboxym ethylth io)butanoate (97)
(59.8 g, 0.266 m ol), isobutene (80 ml, c o lle c te d  in  a re c e iv e r
cooled in  d ry -ice  -  acetone) and su lp h u ric  ac id  (2.4 ml) was
shaken fo r  65 h a t  room tem perature in  a narrow-necked p ressu re
b o t t le ,  c h i l le d ,  and poured in to  a s t i r r e d  so lu tio n  o f sodium
hydroxide (25 g) in  ice-w ater (330 m l). E x trac tio n  w ith  d ie th y l
e th e r , washing (potassium carbonate so lu tio n ) , drying (potassium
carbonate) and concen tra tion  o f  th e  e th e r e x t r a c t ,  followed by
d i s t i l l a t i o n  o f the  residue  under n itro g en  using  a lkali-w ashed , thoroughly
d ried  apparatus, gave e th y l 4 -acetoxy- 3- ( t e r t - butoxycarbony lme th y lth io )
butanoate (96) as a p a le  yellow  o i l  (28.7 g, 40% from th io g ly c o ll ic
a c id ) , b .p . 136-142° a t  0 .3  mmHg. (Found: C, 52.70; H, 7.49;
S, 10.26; (kpj^^SOe) req u ires  -C, 52.48; H, 7.55; S, 10.01%), t^
(0V1, 200°) 2.7 min, y (film ) 1730s, 1240 cm"1 , x (60MHz) 5.71max •
and 5.87 (2H, AB o c te t p a r t  o f  ABX system, J^g 11, and Jg^ 6 Hz, 
SCHCH20 ) , 5.85 (2H, q, J  7 Hz, co llapsed  to  s on i r r a d ia t io n  o f  t  a t  
x 8 .75, 0CH2CH3) ,  6.53 (1H, ca q u in te t ,  J  6-7 Hz, SCH), 6.79 
(2H, s ,  SCH2) j  7.39 (2H, d, J  7 Hz, h ig h -f ie ld  l in e  had d s p l i t t i n g  
J  2 Hz, SCHCH2C0), 7.97 (3H, s ,  C O O y , 8.53 (9H, s ,  0C(CH3) 3) ,
8.75 (3H, t ,  J  7 Hz, OCH2CH_3) . In th is  run only 58% o f th e  crude 
product was recovered in  the  d i s t i l l a t e ;  in  a previous sm a lle r-sc a le  
p rep ara tio n  the  recovery was 80%, so a y ie ld  o f  55% should be p o s s ib le .
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5-Acetoxyirethyl-4-carbethoxythiolan-3-one [34) from ethyl
4-acetoxy-3- (tert-butoxycarbony lme thylthio) butanoate (96)
A so lu tio n  o f e th y l 4 -acetoxy-3- (t e r t - butoxycarbony lme th y lth io )  
butanoate (96) (22.9 g, 71.5 mmol) in  dry to luene (80 ml) was 
added to  a s t i r r e d  suspension o f sodamide (3.9 g , 100 mmol) in  
dry to luene (80 m l). The progress o f  the  reac tio n  was followed 
by g . I . e .  o f  samples o f  the  m ixture, and by observing the  
evo lu tion  o f ammonia. The re a c tio n  tem perature was ra ise d  
g radually ; ammonia evo lu tion  began a t  50°, but d id  no t reach a 
u se fu l r a te  u n t i l  the  tem perature approached 75°. The rea c tio n  
was judged complete a f te r  1 h a t  75°. The cooled m ixture was 
poured in to  a s t i r r e d  so lu tio n  o f  sodium dihydrogen orthophosphate 
d ihydra te  (48.5 g) and sodium hydroxide (3.75 g) in  w ater ( to ta l  
volume 250 m l). The aqueous phase was ex trac ted  w ith  more to lu en e , 
and th e  combined to luene so lu tio n s  were washed (w ater), d rie d  
(sodium su lphate) and concentrated . D is t i l la t io n  o f  th e  residue  
gave 5-acetoxymethyl-4 -carbethoxy th io lan -3-one (34) as a yellow  
o i l  (3 g, 18%)., b .p . 122-148° a t  0 .3  mmHg, t^  (0V1, 200°) 1.65 min.
A sample o f  the  product (78.2 mg) gave a permanent red co lo u ra tio n  
w ith  0.117 M f e r r ic  ch lo rid e  (0.77 ml, 90 m ol); i t  was th e re fo re  
estim ated  to  con tain  24.6 mg o f  5-acetoxym ethyl-2-t e r t - bu toxycarbonylth io lan-
3-one (99) (90 ymol a t  M. wt. 274), and hence 53.6 mg o f  th e  d es ired  
product 34 (218 ym ol); the  molimol r a t io  o f  34:99^ in  the sample was 
th e re fo re  ca 70:30.
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2-Benzyl-2-carbethoxycyclopentanone (117)
Thallium (I) ethoxide (5.1 g , 20.6 mmol) was added to  a s t i r r e d  
so lu tio n  o f 2-carbethoxycyclopentanone (3.3 g , 21.2 mmol) in  
petroleum  e th e r  (b .p . 40-60°, d rie d  over calcium  ch lo ride)
(17 m l). A w hite s o lid ,  m.p. 136° was immediately formed;- 
i t  was tre a te d  w ith benzyl bromide (20 ml) and the  m ixture was 
heated to  ju s t  below re f lu x  tem perature fo r  16 h . The cooled 
mixture was f i l t e r e d ,  the  f i l t r a t e  concen tra ted , and the residue 
d i s t i l l e d  g iv ing  2-benzy1-2-carbethoxycyclopentanone (117) as a 
p a le  yellow  o i l  (4.7 g, 92%),  b .p . 128-140° a t  0 .8  mmHg, t ^
(UCW 98, 120-200° a t  5 deg/min) 19.4 min, y (film ) 1753s,
ITIcLJC
1728s, 1605, 1494, 748, 702 cm"1.
Ethyl 7 - (2-carbethoxycyclopentanon-2-yl)heptanoate (118)
A mixture of the thallium(I) salt of 2-carbethoxycyclopentanone
(3.9 g, 11 mmol) and e th y l 7-iodoheptanoate (9.3 g, 33 mmol) was
heated to  50° fo r  9 h , a f te r  which g . l . c .  o f  an a c id if ie d  sample
in d ica ted  complete conversion o f  th e  s a l t  to  a s in g le  p roduct.
Petroleum e th e r  (b .p . 40-60°) (25 ml) was added, the  b r ig h t yellow
p re c ip i ta te  o f th a lliu m (I)  iodide was removed by f i l t r a t i o n ,  and
the f i l t r a t e  was concen tra ted , giving a brown o i l  (9.3 g, theory
9.6 g) which on d i s t i l l a t i o n  y ie ld ed  e th y l 7 - (2-carbethoxycyclopentanon-
2-y l)hep tanoate  (118) as a pale  yellow o i l  (1.4 g, 41%), b .p . 150-220°
a t  0 .4  mmHg, tp  (UCW 98, 200°) 3.2 min, y  (film ) 1730s,br cm 1 .—K max
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4-Benzyloxy-5 -carbomethoxy- 2 ,3-d ih y d ro th io le  (121)
Thallium (I) ethoxide (5.3 g, 21 mmol) was added to  4^carbomethyoxythiolan' 
993-one (85) (3.8 g, 24 mmol) in  dry benzene (10 m l), under n itro g en , 
and the  so lven t was removed under reduced p re ssu re , leav ing  a grey 
s o lid  which was tre a te d  w ith  benzyl bromide (15 m l). The m ixture 
was warmed gen tly  fo r  3 h , cooled, s t i r r e d  w ith  dry d ie th y l e th e r ,  
and f i l t e r e d ;  g . l . c .  o f  the  f i l t r a t e  showed th a t  the only so lu te  
p resen t was benzyl bromide. The p re c ip i ta te  was ex trac ted  w ith  
methanol, and the e x tra c t  was concen tra ted , g iving a pa le  yellow  
s o lid  (6.3 g, theory 5.3 g ) ; g . l . c .  an a ly sis  in d ica ted  the  presence 
o f a s in g le  product. A sample o f th e  s o lid  (4.8 g) was washed w ith  
d ie th y l e th e r to  remove benzyl bromide, and r e c ry s ta l l is e d  from 
methanol -  t e r t - butanol to  give 4-benzyloxy-5 -carbomethoxy-2 ,3- 
dihydro th io l  e (121) as w hite needles (0.8 g , 23%) m.p. 168-169°,
tp  (UCW 98, 200-250° a t  3 deg/min) 3.6 min, Rp (chloroform -
methanol 4:1) 0 .71 , y (nujol) 1637s (H-bonded C=0), 1605s (C=C)'.max
1580, 1492, 797 cm"1 , T (60MHz) 2.63 (5H, ca s ,  C ^ ) , 5.88
(2H, s ,  CH20 ) ,  6.23 (3H, s ,  0CH3) ,  6 .5 -8 .2  (4H, m, CH2-CH2) (Found:
C, 63.36; H, 5.80, S, 12.37. C13H14S03 req u ires  C, 62.37; H, 5.64;
S, 12.81%). A sample o f  the  s ta r t in g  m a te r ia l, supposed to  be
4-carbom ethoxythiolan-3-one (85) (202.6 mg, 1.27 iranol), gave a 
permanent v io le t  co lo u ra tio n  w ith  0.117M f e r r i c  ch lo rid e  (7.86 ml,
0.92 mmol), showing th a t  i t  in  f a c t  contained 73% 2-carbom ethoxythiolan-
3-one (86) .
Benzylation o f  4 ,5-d icarbethoxy th io lan -3-one (119)
A sa tu ra te d  ethanol so lu tio n  o f  th a iliu m (I)  ethoxide (5.64 g , 23 mmol)
95was added g radually  to  4 ,5-d icarbethoxyth io lan-3-one (119, t^
(UCW 98, 200°) 0 .9  min) (5.64 g, 23 mmol) in  ethanol (25 m l), under 
n itro g en , a t  0°. A fte r the m ixture had stood overnight a t  room
tem perature, the so lven t was removed in  vacuo, leaving  a b lack , 
viscous o i l  (10.4 g ) , which was ex trac ted  w ith  dry d ie th y l e th e r  
(50 m l). C oncentration o f  th e  e th e r  e x tra c t  gave a viscous brown 
o i l  (7.14 g) which was s t i r r e d  fo r  16 h a t  room tem perature w ith  
benzyl bromide (7.5 m l). D iethyl e th e r  (20 ml) was added and a ‘ 
p re c ip i ta te  f i l t e r e d  o f f  and washed (d ie th y l e th e r ) , g iving 
th a lliu m (I)  bromide (5. 2 g, 1 8 'mmol). The combined d ie th y l e th e r  
so lu tio n s  were concen tra ted , and the  residue  d i s t i l l e d  to  give 
the  benzy lation  product as a viscous yellow  o i l  (3.7 g, 40%), 
b .p . 160-198° a t  0 .3 -1 .0  mmHg, (UCW 98 , 200°) 2.1 (10“6) ,
6.5 (401), 7.3 min (50$), (film ) 1768s, 1734s, 1722s, 1601, 1492, 753,
ITlciX
700s, cm
Benzylation o f 4 -carbethoxy- 5-p ro p y lth iola n -3-one (90)
Thallium (I) ethoxide (2.5 g, 10 mmol) was added to  4-carbethoxy-
5-propylth io lan-3-one (90, prepared by method D, page 176 , t ^
(UCW 98, 150-200° a t  5 deg/min) 3.8 and 4.2 min) (2.16 g, 10 mmol) 
in  dry benzene (20 m l). A fte r  a few minutes s t i r r i n g  a t  room 
tem perature, a grey p re c ip i ta te  (3 g ) , m.p. 150-160°, was f i l t e r e d  
o f f .  Attempts to  r e c r y s ta l l i s e  small samples o f  th is  m a te ria l 
from methanol, e th an o l, acetone, d ie th y l e th e r , e th y l a c e ta te , 
and w ater were thw arted by i t s  low s o lu b i l i ty .  The remaining 
s o lid  was suspended in  dry te trah y d ro fu ran  (20 m l); benzyl 
bromide (3 ml) was added, and th e  m ixture was re  fluxed fo r  16 h , 
cooled, and f i l t e r e d  to  remove th a lliu m (I)  bromide. The f i l t r a t e  
was concen tra ted , and th e  residue was d i s t i l l e d  to  give the 
benzylation  product as a p a le  yellow o i l  (327 mg, 10%), 
b .p . 132-154° a t  1 mmHg, t„  (UCW 98, 150-200° a t  5 deg/min)
1.1 (benzyl bromide, 22%), 5.4 (6%), 8.4 (36%), 12.6 min (26%).
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Ethyl 7-(5-acetoxymethyl-4-carbethoxy-3-oxothiolan-4-yl)heptanoate (35)
A so lu tio n  o f 5-acetoxym ethyl-4-carbethoxythiolan-3-one (34_, from 
run 16, page 180 , y  (UCW 98, 180-250° a t  5 deg/min) 0 .8  min)
(6.54 g, 27 mmol) in  dry diglyme (d ie thy lene glycol dimethyl 
e th er) (30 ml) was added to  a s t i r r e d  suspension o f  sodium hydride 
(Koch-Light) (0.64 g, 27 mmol) in  dry diglyme (40 ml) under n itro g e n , 
a t  4-10°. Evolution o f  hydrogen began immediately. The m ixture 
was s t i r r e d  overnight a t  room tem perature, then a so lu tio n  o f  e th y l 
7-bromoheptanoate (6.25 g, 27 mmol) in  d iy  diglyme (20 ml) was 
added. The m ixture was heated to  45-65° fo r  24 h , to  70-80° f o r  
24 h,- to  80-90° fo r  24 h , and f in a l ly  to  100-120° fo r  160 h , 
cooled, and poured in to  w ater (100 m l). E x trac tio n  w ith  d ie th y l 
e th e r , washing (w ate r), drying (sodium su lp h a te ) , and con cen tra tio n  
o f th e  e th e r  e x tr a c t ,  followed by d i s t i l l a t i o n  o f the  re s id u e , gave 
the a lk y la tio n  product as an o i l  (2.9 g, 27$) , which was d iv ided  
in to  four f ra c tio n s  b o ilin g  in  the  range 90-200° a t  0 .1  mmHg, t y  
(UCW 98, 180-250° a t  5 deg/min) 3.25 (60%), 7.1 (15$), 9 .5  (10$),
13.9 (15$) (the p roportions o f  th e  four components v aried  from 
fra c tio n  to  f ra c t io n , approximate mean percentages are given h e re ) . 
The second f ra c tio n  (0.68 g) was th e  b e s t sample o f  e th y l 
7 - (5-acetoxymethyl-4-carbethoxy-3-oxoth io lan-4 -y l)h ep tan o a te  (35), 
t D 3.25 min (80$), (film ) 1780w, 1736s,br cm \  t (60MHz)
—K IIlclX
5.8 (hidden m, CH2OCOCH3) , 5.86 (q, J  7 Hz, C02CH2CH3 d ire c t ly  
a ttached  to  ring ) and 5.93 (q, J  7 Hz, CH2C02CH2CH3) (5.3 H),
6.38 (1H, ca t ,  J  5 Hz, SCH), 6.72 (0.35H, s ,  SCH2 o f im p u rity ),
6.86 (0.65H, s ,  S C iy , 7.41 (2H, t ,  J  6.5 Hz, C O .C O y, 7.75 
(2H, t ,  J  7 Hz, CH2C02C2H5) ,  7.98 (1.3H, s ,  COCiy, 8.01 (0.7H, 
s ,  C0CH3) ,  8.6 (broad s ,  (C jy 4) ,  8.76 ( t ,  J  7 Hz, C02CH2CH3 
d ire c t ly  a ttach ed  to  ring) and 8.80 ( t ,  J  7 Hz, CH2C02CH2CH3)
(13H). A d iscussion  o f  th e  l a t t e r  spectrum appears on page 67
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Carbome thoxyme thylthiopropan-2-one (126)
Methyl th io g ly c o lla te  (100 ml, 1 mol) was added under n itro g en  
to a s t i r r e d  so lu tio n  o f  sodium methoxide, prepared from sodium 
(23 g, 1 mol) and methanol (400 m l). Chloroacetone (92.5 g , 1 mol) 
was then added g radually . The m ixture was s t i r r e d  a t  room 
tem perature fo r  15 min, re fluxed  fo r  15 min and cooled. The 
p re c ip ita te d  sodium ch lo ride  was f i l t e r e d  o f f , and th e  f i l t r a t e  
was concentrated . The residue was tre a te d  w ith  w ater (500 m l), 
the  lay ers  were sep ara ted , and the  aqueous lay e r  was ex trac ted  
w ith  d ie th y l e th e r . The combined organic phases were washed 
(sodium b icarbonate  s o lu t io n ) , d ried  (sodium sulphate) and 
concentrated  to  give th e  crude product as an o i l  (143.5 g ) .
The crude m ate ria l (132.5 g, the  capacity  o f  a 100 ml Vigreux 
f la sk ) was d i s t i l l e d ,  ithe remainder being combined w ith  the  
crude product o f  a subsequent run. The d i s t i l l a t i o n  y ie ld ed  
carbomet hoxymethyl t hiopropan- 2-one (126) as a co lo u rle ss  o i l  
(123.5 g, 82 .51), b .p . 78-80° a t  0.075 mmHg, (0V1, 200°)
1.1 min, y (film ) 1720s,br, 1432 (CH-CO), 1358 cm'1 (CH..C0),max z o
t  (60 MHz) 6.30 (3H, s ,  O C iy , 6.58 (2H, s ,  SCH2COCH3) , 6.75 
(2H, s ,  SCH2C02CH3) ,  7.73 (3H, s ,  C0CH3) .
Carboxymethy l th iopropan-2-one (138)
A so lu tio n  o f carbome thoxyme thythiopropan-2-one (126) in  dry
benzene (80 m l), and one o f  potassium  t e r t - butoxide (fre sh ly
prepared from potassium  (8.2 g , 0.21 mol) and dry t e r t - b u ty l a lcoho l 
234(180 ml) ) were added sim ultaneously  to  dry benzene (160 ml) 
during  lh ,  w ith  s t i r r i n g  under n itro g en  a t  5°. G .l .c .  an a ly s is  
o f  th e  m ixture in d ica ted  complete consumption o f  keto e s te r  
126. A fte r 20 min the  m ixture was poured in to  ice -co ld  w ater
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(70 m l), the  upper la y e r  was ex trac ted  w ith  w ater, and the
combined aqueous so lu tio n s  were a c id if ie d  w ith  a cold so lu tio n
o f hydroch loric  ac id  (18.6 ml, 0.21 mol) in  w ater [30 m l).
E x trac tio n  w ith  chloroform , followed by drying (sodium sulphate)
and concen tra tion  o f the  chloroform  e x tra c t  under n itro g en  a t
room tem perature gave the  crude product as a yellow  o i l  (11.75 g ) ,
500X 257 nm (logs 3.35) ( l i t  fo r  th ian -3 ,5 -d io n e  (46) X max —  max
250-280 nm depending on pH (loge 4 .0 ) ) .  D is t i l la t io n  o f th e  o i l  
gave carboxymethy l th io propan-2-one (138) as a yellow o i l  which 
slowly c ry s ta l l i s e d  (7.5 g, 511), b .p . 130-132° a t  0.03 mmHg.
A sample was r e c ry s ta l l is e d  tw ice from dry benzene to  give 
w hite spangles, m.p. 52-53° ( l i t  54-55°, 43-45° ^ ^ ) ,
jilciJv.
1^7290 nm CLoge 2.22) (lit 290 nm (loge 2 .2 ) , y (KBr)
iUaJC
3140br, 1700s,br, 1357 cm'1 , t  (60MIIz) 6.54 (2H, s> sq^COCHj),
6.70 (2H, s ,  SCH-COJl), 7.70 (3H, s ,  COCHj) ( l i t  154 t 6 .50 ,
6.67, 7.67) (Found: C, 40.48; H, 5 .37; S, 21.37. CjHgSO, req u ire s  
C, 40.53; H, 5.44; S, 21.641).
Thian-3 ,5 -dione (46)
A suspension o f sodamide (May and Baker) (69.4 g, 1.8 mol) in  
dry benzene (630 ml) was s t i r r e d  under n itro g en  a t  40°, in  a 
5 1 round-bottomed f la s k  f i t t e d  w ith  a thermometer, a re f lu x  
condenser, and a p re ssu re -eq u a lised  dropping funnel. The s t i r r e r  
sh a ft was sea led  to  the  f la sk  w ith  a g lycero l - f i l le d  gland, and 
the o u t le t  o f  the  condenser was connected to  a Dreschel b o t t le  
contain ing  l iq u id  p a ra f f in .  The dropping funnel was f i l l e d  w ith  
a so lu tio n  o f carbomethoxymethylthiopropan-2-one (126) (120 g,
0.74 mol) in  dry benzene (600 m l). A few drops o f  th is  so lu tio n , 
followed by a drop o f methanol, were added to  th e  sodamide 
suspension. A fte r  10 min, the  m ixture developed a green c o lo u ra tio n ,
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the tem perature rose by a few degrees, and ammonia evo lu tion  
began. The remainder o f  the  so lu tio n  o f  keto e s te r  126 was 
then added a t  a r a te  s u f f ic ie n t  to  m aintain  a re ac tio n  tem perature 
o f 42-43° w ithout ex te rn a l h ea tin g ; about 2 h were requ ired .
The mixture, which became yellow  in  co lou r, was then s t i r r e d  
a t  40° u n t i l  ammonia evo lu tion  ceased (3 h ) , cooled to  below 
1 0 ° ,  and poured cau tio u s ly , but as quickly  as p o ss ib le , in to  
a v ig o ro u s ly -s tir re d  m ixture o f  a so lu tio n  o f  concentrated  
hydroch loric  ac id  (220 ml, 2.5 mol) in  w ater (600 ml) c h i l le d  
to  i t s  freez in g  p o in t (about -20°) and crushed ice  (120 g ). The 
f in a l  tem perature o f  the  re su lt in g  m ixture was about 30°. The 
benzene lay e r  was run immediately in to  a f la sk  con ta in ing  sodium 
su lp h a te , and the  aqueous la y e r  was ex trac ted  w ith  twenty p o rtio n s  
o f  benzene ( 1 2 0  ml each ), each p o rtio n  being combined immediately 
w ith  the  o r ig in a l  benzene la y e r . The combined benzene e x tra c ts  
were f i l t e r e d ,  re d rie d  (sodium su lphate) and incom pletely 
concentrated  under reduced p ressure  o f  n itro g en  a t  25° to  give 
a yellow p a s te , which was c o lle c te d  on a s in te re d -g la ss  f i l t e r  
and sucked dry. The c ry s ta ls  remaining on the  f i l t e r  were washed 
w ith  th ree  po rtio n s  o f  dry d ie th y l e th e r  (50 ml each) to  give 
th ia n -3 ,5 -dione (46) as a p a le  yellow  powder (38.0 g, 39.5%) m.p.
78-80° ( l i t  1 4 4  m.p. 80-81°), t„  (0V1, 150°) 4.5 min, t„  (0V1, 200°)
1.4 min, Rp (chloroform -  acetone - a c e t ic  ac id  19:30:1) 0 .4 7 , ^max 
257 nm (loge 3.95) ( l i t  L  250-280 nm depending on pH, loge 4 .0 ) ,
JIlcQv
Ymax (CC1 4} 1741s,1713s cm'1 , Ymax (CHCl,.) 3300br, 1730, 1711s, 1600
cm'1 , y (KBr) 3000br, 1725, 1698, 1590s, 1545s cm'1 , t  (60MHz) max
6.45 (2H, s ,  C0CH2 C0), 6.61 (4H, s ,  CH2 SCH2) . T hian-3 ,5-dione 
was s to red  i n  an evacuated d e ss ic a to r  con ta in ing  s i l i c a  g e l, a t  
- 8 ° ,  and used as soon as p o ssib le  a f te r  p rep a ra tio n .
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Methyl 4 - iodocroton a te
A so lu tio n  o f methyl 4-bromocrotonate (35.8 g, 0 .2  mol) in  methyl
e thy l ketone (140 ml) was added to  a s t i r r e d  m ixture o f  sodium
iodide (30.8 g, 0.205 mol) and methyl e th y l ketone (160 ml) a t
room tem perature. G .l .c .  o f  a sample taken a few minutes l a t e r .
in d ica ted  complete conversion. A fte r  s t i r r i n g  fo r  1 h , the
m ixture was f i l t e r e d  to  remove sodium bromide, and the  methyl
e thy l ketone was rep laced  by d ie th y l e th e r  (200 m l).- The e th e r
so lu tio n  was washed (sodium th io su lp h a te  so lu tio n  and w a te r) ,
d ried  (sodium su lphate) and concentrated . The residue was d i s t i l l e d
to  give methyl 4 - iodocroton a te  as an o i l  (39.9 g, 88.5%), b .p . 50-70°
a t  0.04 mmHg, t R (0V1, 150°1 3 .2  min, 1^  (0V1, 200°) 1.2 min, -rmax
-1(film ) 1722s, 1651, 976 cm . Methyl 4 -iodocro tonate  became 
d isco loured  w ith  iodine on standing .
Methyl 4 - (3 ,5 -d ioxothian -4 -y l)b u t-2 -en o a te  (142) 
from methyl 4 -iodocro tonate  in  methanol
T hian-3,5-dione (46) (4.2 g , 32 mmol) in  methanol (10 ml) was added 
to  a s t i r r e d  so lu tio n  o f sodium methoxide (fre sh ly  prepared from 
sodium (745 mg, 32 mmol) and methanol (10 m l), followed by methyl 
4-iodocro tonate  (S,9  g , 39 mmol), under n itro g e n , a t  15°. The 
m ixture was s t i r r e d  fo r  3 h a t  15-18°, a f te r  which a sample gave 
a reading o f  pH 2.5 w ith  m oist in d ic a to r  paper. The methanol was 
removed iri vacuo and the  residue was tre a te d  w ith  d ie th y l e th e r  
(20 ml) and ic e -c o ld  w ater (10 m l). The e th e r la y e r  was ex trac ted  
w ith  f iv e  p o rtio n s  o f  sa tu ra ted  sodium b icarbonate  so lu tio n  
(10 ml each), then  kept as id e . The combined aqueous lay e rs  were 
washed (d ie th y l e th e r ) , a c id if ie d  to  pH 1 w ith  cold  2M~hydrochloric 
acid  (30 ml) and e x trac ted , i n i t i a l l y  w ith benzene, and afterw ards 
w ith  d ie th y l e th e r . Each e x tra c t was d ried  (sodium su lphate) and
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concentrated . The e th e r e x tra c t  gaye an o i l  (2, 3  g \ ,  t R (OVl, 200°)
1.4 (major component, th ia n -3 ,5 -d io n e ) , 13.9 min; both  peaks 
disappeared on shaking w ith  d i lu te  sodium hydroxide. The benzene 
e x tra c t gave a red o i l  (2.3 g ), t:R (0V1, 200°) 1.4 (minor component),
13.9 min, which was combined w ith  s iip ila r  m ate ria l (2.9 g, obtained) 
from an e a r l i e r  run in  which the  reac tio n  was conducted a t  0 °) and 
chromotographed on a c id ic  alumina, Brockmann grade 1. Methyl
4 - (3 ,5 -d ioxo th ian -4 -y l)b u t-2 -enoate (142) (2.1 g) was e lu ted  w ith  
d ie th y l e th e r  -  methanol 50:1 - 4:1 as a yellow  p a s te . The two 
b e s t f ra c tio n s  (470 mg) as judged by g . l . c .  were combined and 
washed w ith  d ie th y l e th e r  to  give a r e la t iv e ly  pure sample o f  the 
product 142 as a w hite powder ( 1 0 0  mg), m.p. 135-136°, t^  (0V1, 2 0 0 °)
13.9 min, A 211, 267 nm (loge 4 .17 , 4 .0 5 ), A ^ - ( a lk a l in e )
iiicLx max
285, 310 nm (loge 4 .05 , 4 .0 ) ,  (KBr) 3000br (enol, OH), 1710s,max
1654, 1570 (enol, C=C), 990, 973 cm'1 , 1 3 /e  (170°) 328/326 (2 .26 , M+, 
d ia lk y la tio n  p ro d u c t) , 295 (7 ), 294 (11), 267 (9 ), 266 (3 ), 263 (7 ), 
262 (13), 235 (9 ), 234 (19), 230/228 (21, 91, M+, m onoalkylation 
product 142), 197 (75) , 196 (96), 169 (82), 168 (92), 141 (82),
140 (8 6 ) ,  67 (B), 144.5*, 117.6*.
The d ie th y l e th e r  so lu tio n  o f  b ica rb o n a te -in so lu b le  m a te ria l which 
had been kept aside  ea rly  in  the  work-up was washed (2M sodium 
hydroxide and w a te r), d ried  (sodium su lp h a te ) , and concentrated  to  
give unreacted  methyl 4 -iodocrotonate as an o i l  (2.2 g, 9.6 mmol), 
t R (0V1, 200°) 1.2 min, y ^  (film ) 1722s, 1651, 976 cm"1 .
Methyl 4 - (3 ,5 -d io x o th ian -4 -y l)b u t-2 -en o a te  (142) from methyl 
4 -iodocro tonate in  N,N-dimethylformamide)
A so lu tio n  o f  th ian -3 ,5 -d io n e  (46) (5.4 g, 41.5 mmol) in  dry 
N,N-dimethylf ormamide was added under dry n itro g en  to  a s t i r r e d  
suspension o f sodium hydride (Koch-Light) (1 .0  g, 41.5 mmol) in
192
the  same so lv en t ( 2 0  ml) a t  0 ° ;  hydrogen evolu tion  began immediately. 
The m ixture was s t i r r e d  fo r  16 h a t  room tem perature, during which 
time a p re c ip i ta te  o f  th e  sodium eno la te  o f 46 was formed. This 
s o lid  apparen tly  obscured the  su rface  o f  th e  sodium hydride p a r t i c l e s , 
s ince hydrogen evolu tion  had stopped, even though unchanged 46 was 
d e tec tab le  by. g . I . e .  The m ixture was warmed to  50°, whereupon i t  
soom became com pletely homogeneous. The eno la te  tended to  
c r y s ta l l i s e  out below 40°, so the methyl 4-iodocro.tonate (10.3 g,
45.5 mmol) was added a t  th is  tem perature. The’m ixture darkened 
towards the  end o f  th e  ad d itio n , and i t s  tem perature rose to  65°; 
g . l . c .  an a ly s is  (0V1, 200°) suggested almost complete conversion 
o f the  s ta r t in g  m ate ria ls  to  a component o f t^  13.9 mih, and a 
sample gave a reading o f pH 2 w ith  m oist in d ic a to r  paper. A fte r  
1.3 h th e  reac tio n  tem perature had f a l le n  to  28°. The m ixture was 
c h il le d ,  and f i l t e r e d  to  remove some w hite s o lid  th a t  d isso lved  
e a s ily  in  w ater and contained n e g lig ib le  organic m a te ria l. The 
f i l t r a t e  was tre a te d  w ith  w ater (60 ml) and ex trac ted  w ith  d ie th y l 
e th e r , and th e  e x tra c t ( t^  (0V1, 200°) 1.4 (46), 13.9 min) was 
washed (sodium th io su lp h a te  and w a te r) , d ried  (sodium su lphate) and 
p a r t ia l ly  concentrated . The re su lt in g  p as te  was sucked dry onto a 
s in te re d  g lass  f i l t e r  and washed w ith  dry d ie th y l e th e r  to  give the 
product (142) as a w hite powder (1.8 g , 19%) m.p. 132-134°. A p u rer 
product was obtained by r e c ry s ta l l i s a t io n  from methanol -  w ater 
25:1 as w hite p la te s  (1.1 g , 12%) m.p. 143;5-145.5°. Repeated 
r e c ry s ta l l i s a t io n  from acetone gave pure methyl 4 -(3 ,5 -d io x o th ian -
4 -y l)b u t-2 -en o a te , m.p. 144.8-145.2° (Found: C, 52.62; H, 5 .29;
S, 13.78, ^ 0 ^2 2 ^ 4  requires C, 52.61; H, 5.30; S, 14.05%),
(OVl, 200°) 13.9 min, t ^  (0V1, 240°) 4.2 min, Rp(chloroform - 
acetone -  a c e tic  ac id  19:30:1) 0 .5 7 , Rp (chloroform  - acetone 4:1)
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0 .2 8 , A 210, 269 nm (loge 4 .06 , 3.95) X (a lk a lin e ) 212, 285, max max
310 nm (loge 4 .29 , 4 .10 , 4 .0 3 ), (KBr) 3000br, 1710s, 1658,
IUclX
1570, 991, 975 cm- 1 , t (90MHz) 3.12 (1H, d t ,  J  16, 7 Hz, tra n s
CH2 CH=CH), 4.09 (1H, d t ,  J  16, 2 Hz, tra n s  CI-LCHCH), 6.23 
C1H, t ,  J  6  Hz, CH2 CH(CO)2) ,  6.30 (3H, s ,  O O y , 6.55 (4H, s ,
CH2 SCH2) ,  7.19 (2H, ddd, J  7, 6 , 2 Hz, CHCH2 CH=CH).
Ethyl 7 - (3 ,5 -d ioxoth ian-4 -y l)heptanoate (47) and . 
e thy l 7 - (5 , 6 - dihydro-5-oxo-2H-th i in -3 -yloxy) heptanoate (144)
A so lu tio n  o f  th ian -3 ,5 -d io n e  (46) (48 g , 0.37 mol) in  dry 
N,N-dimethylformamide (280 ml) was added to  a suspension o f 
sodium hydride (Koch-Light) (9.1g, 0.38 mol) in  the  same so lven t 
C1 2 0  ml) w ith  s t i r r i n g ,  under n itro g e n , and the  m ixture was s t i r r e d  
a t  room tem perature u n t i l  i t  became homogeneous (the eno la te  d id  
no t p r e c ip i ta te  a t  th is  d i lu t io n ) . Ethyl 7-iodoheptanoate 
( tp  (0V1, 200°) 3.2 min) (116 g, 0.41 mol) was added, and th e  
m ixture was s t i r r e d  fo r  19 h a t  room tem perature, a f t e r  which time
g . l . c .  an a ly s is  (0V1, 250°) in d ica ted  complete conversion o f  th e  
s ta r t in g  m ate ria ls  to  products o f  t ^  6 . 2  and 8 . 0  min in  r a t io  
ca 1 :2 .1 . For work-up the  m ixture was poured in to  s t i r r e d  
0.5M~sodium bicarbonate  (480 m l), and d ie th y l e th e r  (450 ml) was 
added. The e th e r la y e r  was e x trac ted  w ith  th re e  p o rtio n s  o f  0.5M- 
sodium b icarbonate  (30 ml each) which were combined w ith  the  main 
aqueous lay e r. The aqueous so lu tio n  was then back -ex trac ted  w ith  
four po rtio n s  o f  d ie th y l e th e r  ( 1 2 0  ml each), which were combined 
w ith  th e  main e th e r lay e r and kept as id e . The b icarbonate  e x tra c t  
was poured in to  a s t i r r e d  m ixture o f 2 M~hydrochloric ac id  (285 ml) 
and d ie th y l e th e r  (7500 m l). The r e s u lt in g  aqueous la y e r  was e x tra c te d  
w ith  seven p o rtio n s  o f  d ie th y l e th e r  (one o f  200 ml and s ix  o f  85 ml) 
which were combined w ith  the  e th e r la y e r , washed ( w a f e r  and sa tu ra te d
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sodium su lphate  s o lu t io n ) , d r ie d  and decolourised  (sodium su lphate  
and c h a rc o a l) , and concentrated  to  give the  product (4 7 ) as a 
v iscous, orange o i l  th a t  s o l id if ie d  a f te r  sev e ra l days in  deep­
freeze  s to rag e  (27.5 g, 26%), m.p. 39-42°. R e c ry s ta llis a tio n  o f 
the product o f  an e a r l i e r  run (not decolourised) from 3:2- 
petroleum  e th e r  (b .p . 60-80°) d i-iso p ro p y l e th e r gave th re e  
crops o f w hite needles ( to ta l  recovery 42%, 14% o v e ra ll y i e ld ) , 
m.p. 48.5 -  49 .5°, 46-47 .5°, and 45-47.5°. A pure sample o f  
e th y l 7 - (3 ,5-d iox6th ian-4 -y l)heptanoate (47) had already  been 
obtained from th e  product o f  th e  f i r s t  experiment in  th e  s e r ie s  
by chromotography on f l o r i s i l  (e lu tio n  w ith  benzene - d ie th y l 
e th e r  19:1 and 9:1) and r e c ry s ta l l i s a t io n  from petroleum  e th e r  
(b .p . 60-80°) as w hite n eed les , m.p. 45.5-46..5° (Found: C, 58.53;
H, 7.69; S, 10.78. C1 4 H2 2 S04  req u ires  C, 58.71; H, 7.74; S, 11.20%),
t R (0V1, 250°) 6.2 min, Rp (chloroform - acetone -  a c e tic  ac id  
19:30:1) 0 .6 8 , Rp (chloroform - acetone 4:1) 0 .6 1 , ^max 275.5 nm
(loge 3 .75 ), X (a lk a lin e ) 289.5, 316 nm (loge 3.75, 3 .9 1 ), max
y (KBr) 3200br, 1730s ( e s te r ) ,  1700s (ring  C=0), 1610s,br max
(eno l, C=C), t (90MHz) 5.87 (2H, q , J  7 Hz, , 6.44
(1H, t ,  J  7 Hz, CH2 CH(CO)2) ,  6.58 (4H, s, CH2 SCH2) , 7.71 (2H, t ,
J  7 Hz, CH2 C02 C2 H5) ,  8.35 (4H, m, CH2 CH(CO) 2  and CH2 CH2 C02 C2 H5) ,
8.67 (6 H,‘ b r s ,  (CH2) 3) ,  8.75 (3H, t ,  J  7 Hz, C O ^ q y . '
The d ie th y l e th e r  so lu tio n  o f b ica rb o n a te -in so lu b le  m a te ria l derived  
from the experiment described  in  f u l l  above was washed (w ater), d rie d  
'(sodium su lphate) and decolourised  (ch a rco a l) , poured in to  an 
evaporating b as in , and allowed to  stand  in  the draught o f  a fume 
cupboard. The re su lt in g  s tic k y  c ry s ta ls  were sucked dry on a 
s in te re d  g lass  f i l t e r  and d ried  in  vacuo ( s i l i c a  gel) to  give the  
product (144) as a p a le  yellow powder (39.6 g , 37.5%), m.p. 55-58°.
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R e c ry s ta llis a tio n  (of 37.6 g) from petroleum  e th e r  (b .p . 60-80°)
gave a crop o f w hite needles (19.6 g) m.p. 62.5-64°, and a crop o f
p a le  yellow needles (4.9 g) m.p. 55-58°. Pure e thy l 7 -(5 ,6 -
dihydro-5-oxo-2H-th i i n - 3-yloxy)heptanoate (144) was obtained  by
repeated  r e c ry s ta l l i s a t io n  from petroleum  e th e r  (b .p . 60-80°),
as w hite need les , m.p. 63 .5 -64 .5°, (Found: C, 58.79; H, 7.70;
S, 10.94. C1 4 H2 2 S04  req u ire s  C, 58.71; H, 7.74; S, 11.20%),
h .  (0V1, 250°) 8.0 min, Rp (chloroform  -  acetone -  a c e tic  acid
19:30:1) 0 .7 0 , Rp (chloroform  - acetone 4:1) 0*55/ y ax 253.5,
.326 nm (loge 4 .10, 2 .30, pH -independent), y (KBr) 1730s ( e s te r ) ,max
1640s (ring  C*=0), 1607s cm" 1  (C=C), x (90MHz) 4.62 (1H, s , C0-CH=),
5.86 ( 2 H, q , J  7 Hz, OCH2 CH3) , 6.15 (2H, t ,  J  6  Hz, OCH2 (CH2) 5) ,
6.67 (2H, s , SCH2) ,  6.73 (2H, s , SCH2) ,  7.69 (2H, t , - J  7.Hz, 
CH2 C0 2 C2 H5) ,  8.35 (4H, m, OCH2 CH2  and CH2 CH2 C02 C2 H5) , 8.60 
(4H, b r  s ,  CH2 CH2) ,  8.74 (3H, t ,  J  7 Hz, OOH2 CH3) .
Methyl 7 -(3 ,5  -  d ioxoth ian-4 -y l)heptanoate (145) and 
methyl 7 - (5 ,6 -dihydro-5-oxo-2H-th i i n - 3-yloxy)heptanoate (146)
The a lk y la tio n  o f th ian -3 ,5 -d io n e  (46) w ith  methyl 7-iodoheptanoate
( y  (0V1, 200°) 2.3 min) was performed using  the  method described
above fo r  the  e th y l e s te r .  The C -a lk y la tio n  p roduct, methyl
7 - (3 ,5-dioxoth ian-4 -y l)heptanoate (145) was a viscous brown o i l
th a t  c r y s ta l l is e d  slow ly a f te r  two weeks deep-freeze s to rag e  (30%)
as w hite needles m.p. 48-49° {from petroleum  e th e r  (b .p .60-80°)},
tp  (0V1, 250°) 5.2 min, X 275 nm '(loge 4.28) ,*X (a lk a lin e ) t\ max max
290, 316 nm (loge 4 .39 , 4 .4 2 ), y ^  (KBr) 1730s, 1700s, 1620s,brmax
cm"1, i  (90MHz) 6.31 (3H, s ,  0CH3) , 6.40 (1H, t ,  J  7 Hz, CH2 CH(CO)2) ,
6.56 (4H, s , CH2 SCH2) ,  7.66 (2H, t ,  J  7 HZ, CH2 C02 CH3) , 8.30 .
C4H, m, CH2 CHCCO) 2  and CH2 CH2 C02 CH3) , 8.67 ( 6 H, b r s ,  (CH2) 3) .
The O -alky la tion  p roduct, methyl 7 - (5 , 6 - dihydro-5-oxo-2H- 
th i in -3 -yloxy) heptanoate  (146) was obtained  as w hite n eed les ,
m.p. 42 .5 -43 .5 , from petroleum  e th e r  (b .p . 60-80°); 253.5,Juax
323 nm (loge 4 .15 , 2 .4 0 ,pH-independent), y  (KBr) 1735s,max
1655s, 1604s cm-1 , t  .C9CMHz) 4.59 (1H, s ,  C0-CH=), 6.15 
(2H, t ,  J  7 Hz, OCH2 (CH2) 5) ,  6.31 (3H s ,  O q y , 6.64 (2H, 
s ,  SCH2) ,  6.73 (2H, s ,  SCH2) , 7.65 (2H, t ,  J  7 Hz, CH2 C02 CH3) ,
8.30 (4H, m, OCH2 CH2  and CH2 CH2 C02 CH3) , 8.60 (4H, b r s ,  CH2 CH2) .
A lky la tion  o f th ia n - 3 , 5-dione p o tassium enola te  w ith  e thy l 
7-iodoheptanoate
A so lu tio n  o f th ian -3 ,5 -d io n e  (46) (280 mg, 2 . 2  mmol) in  dry 
t e r t - butanol (1.4 ml) was added g radually  to  a sw irled  m ixture 
o f  potassium  t e r t - butoxide (232 mg, 2.1 mmol) and dry d ie th y l 
e th e r  (10 ml) a t  room tem perature. The potassium  eno la te  was 
f i l t e r e d  o f f  as a p a le  yellow powder, which was washed w ith  dry 
d ie th y l e th e r ,  m.p. 300° (decomp.). The eno la te  (130 mg. 0 .8  mmol) 
was tre a te d  w ith e th y l 7-iodoheptanoate (250 mg, 0.9 mmol) in  dry 
N,N-dimethylformamide (2 ml) a t  40°. The progress o f  the  re a c tio n  
was followed by g . l . c .  analyses; a f t e r  3 h , no fu r th e r  re ac tio n  
occurred , the  f in a l  C :O -alkylation  product r a t io  (47:144) being 
1 :3 .0  as judged by peak areas.
A lkylation  o f  th ia n -3 ,5 -dione th a lliu m (I) eno la te  w ith  e th y l 
7-iodoheptanoate
Thian-3,5-dione (285 mg, 2.2 mmol) was d isso lved  in  a m ixture o f 
dry benzene (4 ml) and ethanol [the minimum fo r  hom ogeneity). The 
so lu tio n  was added to  th a lliu m (I)  ethoxide (500 mg, 2 mmol) in  dry 
benzene (3 ml) a t  room tem perature; a w hite p re c ip i ta te  o f the
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th a lliu m (I)  eno la te  was formed immediately. A fte r 30 min i t  was 
c o lle c ted  as a w hite powder, and washed w ith  dry benzene, e th an o l,
and d ie th y l e th e r ;  m.p. 193° (decomp.). The eno la te  (630 mg,
1.9 mmol) was tre a te d  w ith  a so lu tio n  o f e th y l 7-iodoheptanoate 
(600 mg, 2.1 mmol) in  dry te tra h y d ro fu ran . Products could n e ith e r  
be de tec ted  by g . l . c .  an a ly s is  a f t e r  16 h a t  room tem perature , nor
a f te r  2.5 h a t  40°. Hexamethylphosphoramide (Emanuel) (1 ml) was
added, and the m ixture kept a t  40°. The a lk y la tio n  then proceeded 
to  completion in  28 h , the f in a l  C :O -alkylation  product r a t io  
(47: 218) being 1:4 as judged by peak a reas .
Methyl 4- (5 ,6-dihydro-5-oxo-3- (2-propoxy) -2H-th i in -4 -y l)b u t-2 -enoate (178)
A so lu tio n  o f methyl 4 -(3 ,5 -d io x o th ian -4 -y l)b u t-2 -en o a te  (142)
(m.p. 133-143°) (459 mg, 2 mmol) in  acetone (10 ml) was reflu x ed  
fo r  a few minutes w ith  anhydrous potassium  carbonate (150 mg, 1.1 mmol), 
a f te r  which g . l . c .  an a ly sis  in d ica ted  n e a rly  complete consumption o f 
142. Isopropyl iodide (0.30 ml, 3 mmol) was added a t  room tem perature, 
and the m ixture was reheated  to  g en tle  re f lu x . The progress o f the  
re a c tio n  was followed by g . l . c .  a n a ly s is ,  the  peak fo r  isopropyl 
iodide ( t^  (0V1, 50°) 3.1 min) being very slowly dim inished. A fte r  
168 h re f lu x , th e  m ixture was cooled and tre a te d  w ith  w ater (4 m l) , 
and the  pH was ad justed  to  9 .5  by ad d itio n  o f a few drops o f  
2M~sodium hydroxide. E x trac tio n  w ith  d ie th y l e th e r ,  followed by 
washing (w ater), drying (sodium sulphate) and concen tra tion  o f  the  
e x tra c t ,  gave methyl 4 - (5 ,6-dihydro-5 -oxo- 3 - (2-propoxy)-2H-th i in -
4-y1)b u t-2-enoate (178) as a viscous brown o i l  (406 mg, 75%), t ^
(0V1, 240°) 6.1 min, Rp (chloroform - acetone -  a c e tic  ac id  19:30;1)
0.67 , Rp (chloroform -  acetone 4:1) 0 .56 , Xjnax 210, 271 nm 
(loge 3 .78, 3 .81, pH -independent), (film ) 1712s ( e s te r ) ,
ITlcLX
1655 (s ide-chain  C=C), 1640s (ring  0 0 ) ,  1600s (rin g  C=C),
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1386, 1373 (CH(CH,)2) ,  981 cm"1 (tran s  CH=CH).
Methyl 4- (5 ,6 -dihydro-5-oxo-2H-th i in -4 -y l)b u t-2 -enoate (176)
Methyl 4- (5 ,6-dihydro-5-oxo-3- (2-propoxy) -2 H -th iin -4 -y l)b u t-2 -
enoate (178.) (400 mg, 1.5 mmol) in  dry te trahydro fu ran  (11 ml)
was added during 40 min to  a 70% so lu tio n  in  benzene o f sodium
b is  (2-methoxyethoxy) aluminium hydride ("Red-Al", Emanuel)
(1.75 ml, 5 mmol) in  dry te trah y d ro fu ran  (8.6 m l), s t i r r e d  under
n itro g en  a t  -78°. A fte r  1 h , a so lu tio n  o f  a c e tic  acid  (4 ml)
in  dry te rtrah y d ro fu ran  (4 ml) was added during 15 min. The
m ixture was warmed to  room tem perature, poured in to  w ater, and
ex trac ted  w ith  d ie th y l e th e r . The e x tra c t was washed (sodium
bicarbonate  so lu tio n , w ater, and sodium ch lo rid e  so lu tio n ) ,
d ried  ^sodium su lphate) and concentrated  to  give the  reduction
product as a viscous brown o i l  (332 mg), X__„ 260 nm (loge 3 .5 ,max
due to  178), y (film ) 3450s,br (OH), 1720s, 1655, 1640 and~—  max
1600 (due to  178), 980 cm The reduction  product was s t i r r e d  
fo r  16 h w ith  w ater (20 m l), te trahydro fu ran  (10 ml) and 
2M-hydrochloric ac id  (0.8 ml) a t  30°, cooled and e x trac ted  w ith  
d ie th y l e th e r . The e x tra c t was washed (w ater), d rie d  (sodium 
su lphate) and concentrated  to  a viscous brown o i l  (228 mg), tp  
(0V1, 240°) 2 .3  (60$), 6.1 (178, 40$), Rp (chloroform - acetone
4:1) 0 .58 , Ymo (film ) 3400br, 1720s, 1665 cm 1 , which wasmax
chromotographed on f l o r i s i l .  E lu tion  w ith  benzene - d ie th y l e th e r
9:1 - 4:1 gave methyl 4 - (5 ,6-dihydro-5-oxo-2H-th i in -4 -y l(b u t-2 -
enoate (176) as a pa le  yellow o i l  (25 mg, 8%), t^  (0V1, 240°)
6.1 min (80%), Rp (chloroform  - acetone 4:1) 0 .5 8 , Xmax 240 nm
(loge 3.75, pH -independent), ymax (film ) 1720s, 1670s, (comparable to
-12-cyclohexenone), 987 cm .
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Methyl 4 - (3-benzoyloxy-5 ,6 -d ihydro-5-oxo-2H-th i in - 4 -y l)b u t-2 -  
enoate (179)
Methyl 4 - (3 ,5 -d io x o th ian -4 -y l)b u t-2 -en o a te  (142) (456 mg, 2 .0  mmol)
in  d ry 'te trah y d ro fu ran  (16 ml) was s t i r r e d  under n itro g en  a t  -10°.
Triethylam ine (0.58 ml, 4.1 mmol) was added during 1 min, followed
by benzoyl ch lo rid e  (0.46 ml, 4 .0  mmol) in  dry te trah y d ro fu ran
(8 ml) during 20 min. The m ixture was s t i r r e d  30 min a t  -10° and
6 h a t  room tem perature, f i l t e r e d  to  remove triethylammonium
ch lo rid e  as a w hite powder (424 mg, 150% o f  th e o re tic a l  w e ig h t) ,
m.p. 262-267° (decomp.) ( l i t  m.p. 253-254°), poured in to  w ater,
and ex trac ted  w ith  d ie th y l e th e r . The e x tra c t was washed (sodium
bicarbonate  so lu tio n  and w a te r) , d rie d  (sodium su lphate) and
concentrated  to  a viscous brown o i l  (814 mg, 86% o f  th e o re t ic a l
weight allow ing fo r  excess benzoyl c h lo r id e ) , y (film ) 1787max
-1cm (benzoyl c h lo r id e ) , which was chromotographed on f l o r i s i l .
E lu tion  w ith  benzene - d ie th y l e th e r 100:1 - 4:1 gave methyl
4 -(3 -benzoyloxy-5 ,6 -dihydro-5-oxo-2H-th i in -4 -y l)b u t-2 -enoate (179)
as a viscous p a le  yellow  o i l  (535 mg, 81%), Rp (chloroform  -
acetone 4:1) 0 .61 , A 236 nm (loge 4 .0 ) ,  Amov (a lk a lin e ) 277max ■max
and 310 nm (each loge ca 4 .0 ) ,  y (film ) 3055w (arom atic CH),max
1738s w ith  low-frequency shoulder (e s te r  carbonyl groups), 1675 
(rin g  0 0 ) ,  1656 w ith  low-frequency shoulder (s ide-chain  and r in g  
C=C), 1599, 1581w, 1450, 707 cm-1 .
Methyl 4 - (3-benzoyloxy- 5 ,6-dihydro-5 -hydroxy-2H-th i in -4 -y l )b u t- 
2 -enoate (182)
Methyl 4 - (3-benzoyloxy-5 ,,6-d ihydro-5-oxo-2H -th iin -4-y l)bu t-2-enoate  . _ 
(179) (470 mg, 1.4 mmol) in  dry te trah y d ro fu ran  (12 ml) was added 
during 50 min to  a 70% benzene so lu tio n  o f  sodium b is  (2-methoxyethoxy) 
aluminium hydride (5.5 ml, 19 mmol) in  dry te trah y d ro fu ran  (24 ml)
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s t i r r e d  under n itro g en  a t  -78°. A fte r  2 h a  so lu tio n  o f a c e tic  
ac id  (12.5 ml) in  dry te trah y d ro fu ran  (12.5 ml) was added during 
10 min. The m ixture was warmed to  room tem perature, poured in to  
w ater, and ex trac ted  w ith  d ie th y l e th e r . The e x tra c t was washed 
(sodium b icarbonate  so lu tio n  and w a te r) , d ried  (sodium sulphate) 
and concentrated  to  give methyl 4 - (5-benzoyloxy- 5 ,6 -d ihydro -5- 
hydroxy-2H-th i in - 4-y 1)b u t-2 -enoate (182) as a viscous yellow  o i l  
(458 mg, 97%),  y (film ) 3420s,br (OH), 3055w, 1738s (benzoate),
ITlaX
1711s (c ro to n a te ) , 1690s (ring  C=C), 1594, 1447, 798 cm
Ethyl 7- (5 ,6-dihydro-5-oxo-3-(2 -propoxy) - 2H-th i in -4 -y l)heptanoate (50)
E thyl 7- (3 ,5 -d ioxo th ian -4 -y l)hep tanoate  (47, m.p. 46-49°) (6 .3  g,
22 mmol) in  dry acetone (45 ml) was added to  a suspension o f 
anhydrous potassium  carbonate (3.6 g, 26 mmol) in  dry acetone 
(45 ml) s t i r r e d  under n itro g e n , and th e  m ixture was refluxed  fo r  
20 min. . Consumption o f 47 was incomplete as judged by g . l . c . ,  so 
more potassium  carbonate (0.6 g, 8 mmol) was added, and the m ixture 
was refluxed  fo r  a fu r th e r  15 min. Isopropyl iodide (3.3 ml, 33 mmol) 
in  dry acetone (20 ml) was added during 3 min a t  30°, and the  m ixture 
was refluxed  fo r  16 h , cooled, poured in to  w ater (60 ml) and 
ex trac ted  w ith  d ie th y l e th e r . T h e /ex trac t was washed (sodium 
th io su lp h a te  so lu tio n , sodium b icarbonate  so lu tio n , w ater, and 
sa tu ra ted  potassium  carbonate so lu tio n ) , d rie d  (potassium ca rb o n a te ), 
and concentrated  to  give e thy l 7 - (5 ,6-dihydro-5 -oxo-3 - (2-propoxy) - 
2H-th i in -4 -y l )heptanoate (50) as a brown o i l  (7.0 g, 97%) (0V1,
250°) 7.5 min (90%), 6.5 min (10%, im purity , probably the 
C -propylation product 183), X 272.5 nm (loge 4 .14 , pH-independent) ,
  ITlciX
y (film ) 1730s ( e s te r ) ,  1640s (rin g  C=0, 1602s (C=C), 1384 and
ITtaX
1371 cm  ^ (CRCCH^^)* In subsequent p repara tions o f th is  compound, 
s ta r t in g  dione 47 o f m.p. ca 40° was employed. The product 183
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was ty p ic a l ly  obtained  as an orange o i l  in  ca 89% y ie ld  a f te r  
charcoal d eco lo u risa tio n , in d is tin g u ish a b le  from the  product 
o f  th e  f i r s t  run by g . l . c . ,  and by in fra - re d  and u l t r a - v io le t  
spectroscopy, t • (90MHz) 5.48 (1H, s e p te t ,  J  6 Hz, 0CH(CH3) 2) ,
C3H, t ,  J  7 Hz, 0CH2CH3) .
E thyl 7- (5 ,6-d ih y d ro -5-oxo-2H-t h i in - 4 -y l)heptanoate (51 ), 
e th y l 7- (3 ,5-dihydroxythian-4 -y l )heptanoate (187), and 
e th y l 7- (5-hydroxy-3 -oxothian-4 -y l )heptanoate (190)
Solid  sodium borohydride (5.7 g, 150 mmol) was added to  e th y l 
7 - (5 ,6-dihydro-5-oxo-3- (2-propoxy)- 2H -th iin -4 -y l)hep tanoate  (50) 
(32.7 g, 100 mmol) in  ethanol (600 m l), s ti r re d 'u n d e r  n itro g en  
a t  0°. The m ixture was s t i r r e d  fo r  20 h a t  room tem perature, 
a f te r  which none o f th e  enol e th e r 50 could be de tec ted  by g . l . c .  
o f samples a c id if ie d  w ith  2^-hydrochloric ac id . 2M- H ydrochloric 
ac id  (90 m l), c h il le d  to  i t s  freez in g  p o in t, was added to  the  
reac tio n  m ixture as quickly  as p o ssib le  a t  -18° (there  was 
considerab le  foaming as hydrogen was evo lved); the  tem perature 
was no t allowed to  r i s e  above -5° during the ad d itio n . The m ixture 
was s t i r r e d  1 h a t  room tem perature, then n e u tra lis e d  w ith  0 .6  
M-sodium b icarbonate  (65 m l). The ethanol was removed in  vacuo, 
and the  residue was d ilu te d  w ith  w ater (to  ca 100 ml) and e x tra c te d  
w ith  d ie th y l e th e r . The e x tra c t was washed (sodium b icarbonate  
so lu tio n , w ater, and sa tu ra te d  sodium su lphate  s o lu tio n ) , d ried  
and decolourised  (sodium su lphate  and c h a rco a l), and concentrated
5.86 (2H, q , J  7 Hz, 0CH2CH3) , 6.50 (2H, s ,  SCH2) , 6.74 
(2H, s ,  SCH2) , 6.66 (0.4H, s ,  probably CH2SCH2 s ig n a l o f 
C -a lk y la tio n  product 183), 7.70 (4H, ca t ,  J  7 Hz,
8.68 (6H, d, J  6 Hz, CH(CH3) 2) ,  8.68 (4H, b r  s ,  CH2CH2) , 8.74
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to  an orange o i l  (28.1 g, 104% o f th e o re tic a l  w eigh t), t ^
(0V1, 250°) 4 .0  (65%) and 7.0 min (35%). P ortions o f  th is  o i l  
were chromatographed on various adsorbents (Table 5, page U 8 )*
Ethyl -7-(5,6-dihydro-5-oxo-2H-th i in -4 - y l ) heptanoate (51) was 
obtained most e f f ic ie n t ly  from columns packed w ith  s i l i c a  gel -  
c e l i t e  545 5:1 (e lu tio n  w ith  petroleum  e th e r  (b .p . 40-60°) -  
benzene 1:3 - 1:9 and w ith  benzene) as a co lo u rle ss  o i l  (40%) 
m.p. 15-16°, (0V1, 250°) 4 .0  min, Rp (chloroform  - acetone -
a c e tic  acid  17:2:1) 0 .7 2 , *max 242 nm (loge 3 .82, pH -independent), 
y (film ) 1732s, 1671s cm 1 , t (90MHz) 3.24 (1H, t t ,  J  4 , 1.5 Hz,
JuaX _
=CH), 5.84 (2H, q, J  7 Hz, OCH.CHJ, 6.63 ( 2 H, c a d ,  J 4  Hz, SCINCH),
6.68 (2H, s ,  SCH2C0), 7.68 (2H, t ,  J  7 Hz, C ^O LC -H -), 7.76 
(2H, t ,  J  7 Hz, =icH2CH2) ,  8.37 (2H, m, CH2CH2 (CH2) 4C02C2H5) , 8.67 
(6H, b r  s ,  (CH2) 3) ,  8.73 (3H, t ,  J  7 Hz, 0CH2CH,).
Chromatography on f l o r i s i l  gave, a f te r  e lu tio n  o f  jlL, e th y l
7- (3 ,5-dihydroxythian-4 -y l)heptanoate (187) (e lu tio n  w ith  benzene -
d ie th y l e th e r  9:1 - 3:2) as a p a le  yellow o i l  (31%) tp  (0V1, 250°)
7.0 min, Rp (chloroform - acetone - a c e tic  ac id  17:2:1) 0 .5 2 ,
Ymax (film ) 3480, 1732s cm-1 , t C90MHz) 5.85 (2H, q , J  7 Hz, 0CH2CH,),
6-7 .6  C6H, m, CH2SCH2 and two CH3II), 7.69 (2H, t ,  J  7 Hz, CHJXLC^H ) ,  
8 .1 -9 .0  (13H, m, two CHOH and XlHfCHJ5) , 8.74 ( t ,  J  7 Hz, 0CH2CH3) ,
m/e  C70°) 332 (0 .1 , M+, probably 188), 316/314 (0 .2 , 1 .3 ) ,  287 (2 .5 ) ,
271 (7 .5 ) , 256/254 (7, 15, M+, 261 - 2H20 ) , 245 (1 .3 ) , 227 (10),
209 (3 ), 183 (47), 165 (8 ), 41 (B), 210.3* and 192.4*.
F u rther e lu tio n  o f th e  f l o r i s i l  column w ith  benzene - d ie th y l e th e r  
2:3 -  1:4 and w ith  d ie th y l e th e r  gave e th y l 7 - (5-hydroxy-3-oxoth ian-
4- y l )heptanoate (190) (12%), w hite c ry s ta ls  m.p. 47-8° from 
d i-iso p ro p y l e th e r , tp  (0V1, 250°) 4 .0  min (severe t a i l i n g ) ,  Rp
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(chloroform  - acetone -  a c e tic  ac id  17:2:1) 0 .52 , Ymax (KBr)
3450br, 1728s, 1707s, t  (90MHz) 5.44 (1H, ca d ,  J  11 Hz, 
co llapsed  to  b r s on shaking sample w ith  D2 O, >CH0H), 5.88 
(2H, ABq, J  12 Hz; h ig h -f ie ld  l in e s  had d s p l i t t i n g  J  2.05 Hz,
SCH2C0), 6.78 and 7.19 (2H, ABq, J  14 Hz, lo w -fie ld  l in e s  had 
d s p l i t t i n g  J  1.75 Hz, h ig h -f ie ld  l in e s  had dd s p l i t t i n g ,  J  
4 .1 , 2.05 Hz, SCi^CH), 7.5 (1H, m (p a r tly  h idden), COCH),
7.57 (1H, d, J  11 Hz, disappeared on shaking sample w ith  D^O,
OH), 7,72 (2H, t ,  J  7 Hz, CH2C02C2H5) , 8.38 (4H, m, 
CHCH2(CH2) 3CH2CH2C02C2H5) ,  8.68 (6H, br s , (CH2) 3) ,  8.75 
(3H, t ,  OCH2CH3) ,  m/e  (80°) 290/288 (4, 69, M+) , 270 (2 ), 243
(24), 242 (B), 225 (31), 224 (19), 199 (13), 253.1*, 209.2*,
208.3*, 207.3*, 205.0*, 203.4*, 185.8*.
7 - (5 ,6-dihydro-5-oxo-2H-th i in -3 -yloxy)heptano ic  acid  (192)
Crude hog pancreas l ip a se  (Sigma) (7.0 g) was s t i r r e d  w ith  a 
s a l t  so lu tio n  (0.1M sodium c h lo rid e , 0.05M calcium c h lo rid e ,
70 ml) a t  0° fo r  1 h . The m ixture was cen trifu g ed  a t  10,000 g 
and 0° fo r  30 min, and th e  supernatan t f lu id  was tre a te d  w ith  
s u f f ic ie n t  0.5M sodium hydroxide to  r a is e  i t s  pH to  6 .5 . 
Finely-powdered e th y l 7- (5 ,6-d ihydro-5-oxo-2H -thiin-3-yloxy)heptanoate 
(144) (1.33 g, 4 .6  mmol) was s t i r r e d  w ith  0.1% aqueous MCutscumM 
(Kodak) su rfa c ta n t so lu tio n  (2 ml) a t  0 ° , and th e  enzyme e x tra c t  
was added. The m ixture was son ica ted  fo r  2 min w ith  i c e - s a l t  
cooling (to  d isp erse  the  organic s u b s tr a te ) ,  then s t i r r e d  a t  35°.
The pH o f  the m ixture was m aintained a t  6 .5 -7 .0  by ad d itio n  o f 
0.5M-sodium hydroxide as necessary . When a lk a l i  uptake had ceased 
(2.5 h) the  reac tio n  m ixture was poured in to  acetone (100 m l), 
s t i r r e d  fo r  15 min, and f i l t e r e d  through c e l i t e .  The acetone was 
removed j n  vacuo from the f i l t r a t e ,  the pH was ad justed  to  8, and
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unchanged e s te r  144 removed by washing w ith  d ie th y l e th e r . The 
aqueous phase was then a c id if ie d  to  pH 3.5 w ith  2M-hydrochloric 
ac id , and ex tra c te d  w ith  d ie th y l e th e r . The e x tra c t  was washed 
(w ater), d rie d  (sodium su lphate) and concentrated  to  give 
7 - (5 ,6-dihydro-5-oxo-th i i n - 3-yloxy) heptanoic ac id  (192) as a 
p a le  yellow s o lid  (744 mg, 62%) m.p. 71-74°. Trace im p u rities  
were removed by two r e c ry s ta l l is a t io n s  from acetone and one from 
d i-iso p ro p y l e th e r , which gave f in e  w hite needles (129 mg), 
m.p. 74-74.5°, 254 nm (loge 4 .2 2 ), Ymax (KBr) 3000br, 1690s,
1660s, 1602s cm”1 , t  (90MHz) -0 .7  (1H, b r  s ,  C02H), 4.58 (1H, s ,  =CH)
6.12 (2H, t ,  J  6 Hz, 0CH2) , 6.65 (2H, s ,  S O U , 6.72 (2H, s ,  SCH^,
7.60 (2H,' t ,  J  7 Hz, C ^ C O ^ ), 8.30 (4H, m, CH2CH2 (CH2) 2CH2CH2C02H),
8.56 (4H, b r  s ,  (CH2) 2) .
7- (5 ,6-dihydro-5-oxo-2H-th i in -4 -y l)  heptanoic ac id  (186)
Ethyl 7 - (5 ,6 -d ihydro-5-oxo-2H -th iin -4-y l)hep tanoate  (51)
(180 mg, 0.67 mmol) was hydrolysed by the  procedure described
above fo r  e s te r  218. The same q u an tity  o f enzyme e x tra c t  was used,
and the  hydro lysis  re q u ire d  2 h. 7- (5 ,6-Dihydro-5-oxo-2H-t h i in -4 -y l)
heptanoic ac id  (186) was obtained as a pa le  yellow s o lid  (109 mg,
67.5%), m.p. 62-64°, and as w hite , flaky  needles from petroleum
eth e r  (b .p . 60-80°), m.p. 65-65.5° A 242 nm (loge 3 .8 2 ),max
Y (KBr) 3000br, 1698s, 1668s cm- 1 , t  (90MHz) -0 .6  (1H, b r  s ,  C O ^), 
3.26 (1H, t t ,  J  4, 1 Hz, =CH), 6.64 (2H, d , 4 4 Hz, SCH2CH=), 6.69 
(2H, s , SCH2C0), 7.62 (2H, t ,  J  7 Hz, CH2C02H), 7.76 (2H, t ,  J
6.5 Hz, =CCH2CH2) ,  8.38 (2H, m, CH2CH2 ( Q y  .CO H ), 8.65 
(6H, b r  s ,  (CH2) 3) ,  W e (220°) 244/242 (0 .5 , 7, M+) , 224 (30),
206 (3 .5 ) , 196 (20), 181 (1 ), 178 (8 ), 163 (3 ), 113 (24), 53 (B ), 
207.3*, 189.4*, 171.5*, 161.7*.
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Ethyl 7- (3-0X0 -5- (1 -propenyl) thian-4-yl)heptanoate (221)
A so lu tio n  o f 1-bromopropene ( t^  (0V1, 60°) 1.55 and 1.65 min,
overlapping) (0.45 ml, 5.2 mmol) in  dry d ie th y l e th e r  (5 ml)
was added g radually  to  a s t i r r e d  m ixture o f  sm all p ieces o f
lith iu m  (BDH 99.9%) (70 mg, 10 mmol) and dry d ie th y l e th e r
(10 ml) under argon, a t  -30°. The tem perature was ra ise d
b r ie f ly  to  0° to  i n i t i a t e  the  re a c tio n , then kept a t  -10°
fo r  1 h. Consumption o f the  1-bromopropene was judged to  be
complete by g . l . c . ,  but some s o lid  lith iu m  remained, so more
o f the  o le f in  (0.05 m l, 0 .5  mmol) was added; d is so lu tio n  o f
th e  m etal was complete a f te r  a fu r th e r  30 min a t  -10°. The
cold  so lu tio n  was added during 20 min to  a suspension o f
anhydrous copper(I) iod ide  (480 mg, 2.5 mmol) in  dry d ie th y l
e th e r  (10 ml) s t i r r e d  under argon a t  -35°, and the  r e s u lt in g
m ixture was s t i r r e d  fo r  1 h a t  -78°. A so lu tio n  o f  e th y l
7 - (5 ,6-d ihydro-5-oxo-2H -th iin -4-y l)hep tanoate  (51) (408 mg,
1.5 mmol) in  dry d ie th y l e th e r  (8 ml) was added during 20 min
below -50° and the  m ixture was s t i r r e d  fo r  1.5 h a t  -70°, warmed
slow ly to  0°, poured in to  s t i r r e d  0 .7 5M~hydrochloric ac id  (16 m l),
and ex tra c ted  w ith  d ie th y l e th e r . The e x tra c t  was washed (water
and sa tu ra te d  sodium su lphate  s o lu t io n ) , d rie d  (sodium su lphate)
and concentrated  to  an orange o i l  (441 mg), t^  (0V1, 250°) 5.9
(92%), 4 .0  min (51, 8%), which was chromatographed on f l o r i s i l .
E lu tion  w ith  petroleum  e th e r  (b .p . 40-60°) -  benzene 1:100 - 1:3
gave e th y l 7- (3-oxo-5 - ( l - propenyl) th ia n -4 -y l ) heptanoate (221) as
an orange o i l  (365 mg, 78%), t^  (0V1, 250°) 5.9 and 4 .0  min (the
p roportion  o f the  l a t t e r  component in creased  from the  f i r s t  to  the
l a s t  f ra c tio n  o f  the  s e r ie s ;  i t  was. 5% o v e ra ll;  sp ec tra  were
measured fo r  a f ra c tio n  in  which i t  was 3%): % 247.5 nm (sulphidemax
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n o'*) 308 nm (carbonyl n  -+ i t *) (loge 2.88 , 2 .3 9 ),
Y  (film ) 1738s, 1711s, 9 6 8 '(tran s  CH=CH] and 721w (c is  CH=CH),max * —1 ■— ”
t  (90MHz) 4.5 (2H, m, CH=CH), 5.87 ( 2 H, q, J  7 Hz, 0CH2'CH3)-,
6.59 and 6.86 (2H, ABq, J  12 Hz, lo w -fie ld  lin e s  had d s p l i t t i n g  
J  5 Hz, h ig h -f ie ld  lin e s  had d s p l i t t i n g  J  1.5 Hz, SCH2CH), 7.0 
(1H, p a r t ly  hidden m, CH-ObCH), 7.23 and 7.26 (2H, ABq, h ig h -f ie ld  
l in e s  had d s p l i t t i n g  J  1.5 Hz, SCH2C0), 7.71 (2H, t ,  J  7 Hz),
7.8 (1H, p a r t ly  hidden m, COCH), 8.31 (1.5H, d , J  4 .3  Hz, CH=CHCH3) ,
8.37 (1.5H, d, J  5.6 Hz, CH=CHCH3) , 8.4 (4H, p a r t ly  hidden m, 
CHCH2 (CH2) 3CH2CH2C02C2H5) ,  8.7 (6H, s ,  (CH2) 3) ,  8.75 (3H, t ,  J  7 
Hz, OCH2CH3) .
Borane- te tra h y drofuran complex
A so lu tio n  o f  f r e s h ly - d is t i l le d  boron t r i f lu o r id e  - d ie th y l e th e r  
complex (47.9 g, 338 mmol) in  dry diglyme (35 ml) was s t i r r e d  under 
n itro g en  a t  20-22°. A 0 .8  M -solution o f sodium borohydride in  dry 
diglyme (220 ml) was added from a p re ssu re -eq u a lised  dropping funnel 
during 1 h. The outgoing gases were bubbled through sodium borohydride 
-  diglyme, then dry te trahydro fu ran  (90 ml) in  a ta red  re c e iv e r  cooled 
in  ice -w ater, then f in a l ly  through two tra p s  con tain ing  mercury and 
acetone to  prevent en try  o f a i r  and to  remove diborane from the  
escaping gases. On completion of the  ad d itio n  the  generating  f la s k  
was heated  to  70-80° fo r  1 h , then cooled.
F urther m anipulations were performed under n itro g en . The tra p s  were 
disconnected, a sample o f the  product (ca 1 ml) was withdrawn from 
the rece iv e r by sy rin g e , and the re ce iv e r  was stoppered. Acetone 
(ca 100 ml) was added to  the  g en era to r, the  o u t le t  was connected to  
th e  sa fe ty  tra p s ,  and the  apparatus was flushed  w ith  n itro g en  fo r  30 min.-
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The syringe con tain ing  the  product sample was weighed, discharged 
in to  acetone (10 ml) and reweighed. Water was added to  the 
acetone so lu tio n , and the amount o f b o ric  ac id  th a t  was formed 
was determ ined by t i t r a t i o n  versus O.lM-sodium hydroxide 
(standard ised  versus b o ric  acid) w ith phenophthalein as in d ic a to r ,  
in  the presence o f m annitol (1 g ) . From th e  t i t r a t i o n  r e s u l t ,  
the weight o f  the sample tra n s fe rre d  from the  sy rin g e , and the  
weight o f the product i t  was c a lcu la te d  th a t  185 mmol borane- 
te trahydro fu ran  complex remained in  the re c e iv e r , and th a t  the  
y ie ld  o f  the complex had been 801.
1 .3 .2 - Benzodioxaborole
B orane-tetrahydrofuran  complex (185 mmol) was s t i r r e d  under 
n itro g en  a t  0°; outgoing gases were passed through a mercury- 
acetone tra p . A so lu tio n  o f catechol (Emanuel, r e c ry s ta l l is e d  
from toluene and d ried  over s i l i c a  gel in  vacuo, m.p. 103-105°)
(20.4 g, 185 mmol) in  dry te trah y d ro fu ran  (45 ml) was added from 
a p re ssu re -eq u a lised  dropping funnel during 45 min. The 
te trahydro fu ran  was removed by evaporation under n itro g en  a t  ca 
100 mmHg, leav ing  a pa le  yellow o i l  which was d i s t i l l e d  under 
n itro g en  from a 25 ml Vigreux f la sk  to  give 1 ,3 ,2-benzodioxaborole 
as a co lo u rless  o i l  (11.0 g, 50%), b .p . 62-72% a t  65 mmHg.
707tra n s -1 -Octenyl iodide
1.3.2-Benzodioxaborole (11.0 g, 91.5 mmol) was added to  f re sh ly -  
d i s t i l l e d  1-octyne (10.2 g, 92.5 mmol) s t i r r e d  under n itro g en  a t  
room tem perature. The m ixture was heated  slowly to  70°, kept a t  
th is  tem perature fo r  2 h , then cooled to  20°. Water (100 ml) was 
added during 1 min, and the m ixture was s t i r r e d  2 h a t  25°, cooled 
to  0°, and * f i l t e r e d .  The p re c ip i ta te  o f t r a n s - 1-octenylboronic ac id
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which was c o lle c te d  on the f i l t e r  was washed (w ater), sucked dry , 
d isso lved  in  d ie th y l e th e r  (90 ml) and s t i r r e d  a t 0°. 3M-Sodium 
hydroxide (91 ml) and a 0.4M -solution o f iodine in  d ie th y l e th e r  
(280 ml) were added below 10°, and the m ixture was s t i r r e d  a t  0° 
fo r  30 min. l^-Sodium th io su lp h a te  (20 ml) was added, and the 
aqueous la y e r  e x tra c te d  w ith  d ie th y l e th e r . The combined e th e r  
lay ers  were f i l t e r e d ,  washed (w ate r), d ried  (sodium su lphate) 
and concentrated  to  an o i l  which was d i s t i l l e d  to  give tra n s  -
1-octenyl iodide as a pa le  yellow  o i l  (soon d isco loured  by 
iodine) (11.6 g, 53.5%), b .p . 38-44° a t  0 .2  mmHg,'t^ (0V1, 170°) 
2.4 min, Ymax (film ) 3038w (=CH), 14SSbr (=C-CH2) , 939s cm'1 
(tran s  CH=CH).
2 1 ?1-Pentynylcopper (I)
A so lu tio n  o f copper(II) su lphate  pentahydrate (2.8 g, 11 mmol) 
in  aqueous ammonia (10.5 ml, d 0.880) was s t i r r e d  under n itro g en  
w ith  cold  w ater cooling . I t  was tre a te d  w ith  w ater (44 ml) and 
s o lid  hydroxylammonium ch lo rid e  (1.56 g, 22 mmol), and a f te r  
5 min, w ith  1-pentyne (763 mg, 11 mmol) in  ethanol (50 m l). The 
m ixture was s t i r r e d  1 h , and the  yellow p re c ip i ta te  f i l t e r e d  o f f ,  
washed (w ater, ethanol and dry d ie th y l e th e r ) , and d ried  (ro ta ry  
evaporator, 50°, 20 mmHg, 2.5 h) to  give 1-pentynylcopper(I) as 
a b r ig h t yellow  powder (791 mg, 54%).
Ethyl 7 - (5 - ( t r a n s - l - octeny l) -3 - oxothian-4 -y l)hep tanoate  (227)
An approximately 2M -solution o f te r t-b u ty l l i th iu m  in  pentane
(Fluka) (3.7 ml) was added dropwise, v ia  a hypodermic syringe
213mounted in  a syringe p ip e tte  h o ld er, to  t r a n s - l-o c te n y l iodide 
(953 mg,- 4 mmol) in  dry d ie th y l e th e r (5 ml) s t i r r e d  under argon 
a t  -78°. The m ixture was s t i r r e d  fo r  2 h a t  -78°, then added
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dropwise, v ia  sy rin g e , to  a so lu tio n  o f 1-pentynylcopper (I)
(480 mg, 3.6 mmol) in  dry d ie th y l e th e r  (12 ml) and 
hexamethylphosphorous triam ide  (1.4 ml, 7.2 mmol) a t  -78°, 
under argon. The re su lt in g  s l ig h t ly  orange m ixture was s t i r r e d  
30 min a t  -78°, tre a te d  w ith  e th y l 7 - (5 ,6-dihydro-5-oxo-2H- 
t h i i n - 4-y l)h ep tan o a te  (51) in  dry d ie th y l e th e r  (6 m l), warmed 
to  23° during 3.5 h , poured w ith  s t i r r i n g  in to  1. 5M~ammonium 
su lphate  (15 m l), f i l t e r e d  (c e l i te )  and ex trac ted  w ith  d ie th y l 
e th e r . The e x tra c t was washed (water and 0.4M su lphuric  a c id ) , 
f i l t e r e d  ( c e l i te ) ,  washed (sodium b icarbonate  so lu tio n , w ater, 
and sa tu ra te d  sodium su lphate  s o lu t io n ) , d ried  and deco lourised  
(sodium su lphate  and charcoal) and concentrated  to  an orange 
o i l  (1.205 g, 105% o f th e o re t ic a l  y ie ld ) ,  (0V1, 250°)
4 .0  (51, 2%), 7.5 and 8.4 (overlapping, 8%), 20.4 min (90%) 
t^  (0V1, 170°) 2.4 min (t r a n s - l-o c te n y l io d id e , no t observed - 
<0.1%). A fin e ly -d iv id ed  w hite p re c ip i ta te  was l ib e ra te d  by the 
acid  washings, making sep ara tio n  o f  the lay ers  d i f f i c u l t ;  i t  was 
in so lu b le  in  1.5M ammonium su lp h a te , potassium  iodide so lu tio n , 
2M-hydrochloric a c id , and acetone, but could be d isso lved  in  a 
m ixture o f concentrated  n i t r i c  and hydroch loric  ac id s . The 
re su lt in g  so lu tio n  was lim e-green in  co lo u r, and was shown by'means 
o f a flame t e s t  to  con ta in  copper.
For p relim inary  p u r if ic a t io n  the  orange o i l  was app lied  to  a 
column o f s i l i c a  gel (12 g ) . Most o f  the  m a te ria l (883 mg) was 
e lu ted  w ith  benzene, as a s l ig h t ly  cloudy, l ig h t  brown o i l .
F urther e lu tio n  w ith  benzene - d ie th y l e th e r  1:1 gave an orange 
o i l  (165 mg) in f e r io r  to  the  main f ra c t io n 'a s  judged by g . l . c .
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The bulk  o f the  main f ra c tio n  (860 mg) was tre a te d  w ith  petroleum  
e th e r  (b .p . 40-60°) (800 m l), whereupon a f in e ly -d iv id ed  w hite 
p r e c ip i ta te  was formed. The m ixture was cen trifu g ed , and the 
supernatan t f lu id  was chromatographed on s i l i c a  gel (90 g ) .
E lu tio n  w ith  petroleum  e th e r  (b .p . 40-60°) benzene 1:1 -  1:100 
and w ith  benzene gave e th y l 7- (5- ( tra n s - l-o c te n y l)  -3 -oxothian- 
4 -y l) heptanoate (227) as a co lo u rle ss  o i l  (566 mg, 50%), m.p. 10-12°,
t„  (0V1, 250°) 7.5 and 8.4 (5$), 20.4 min (95$), y  (film ) 1730s,k max
1705s, 962 cm-1 (tra n s  CH=CH), t  (90MHz) 4.44 (d t, J  15 .5 , 5.5 Hz, 
tra n s  CH<!HCH2) and 4.71 (dd, J  15 .5 , 7 Hz, tra n s  CH-CH=CH) (1.9H) , 
5.85 (2H, q , J  7.3 Hz, 0CH2CH3) , 6.70 and 6.96 (2H, ABq, J  12 Hz, 
SCH2CH), 7.26 and 7.34 (2H, ABq, J  13 Hz, h ig h -f ie ld  l in e s  had 
d s p l i t t i n g  J  1.5 Hz, SCH2C0), 7.0 (1H, hidden m, CHCO), 7.72 
(2H, t ,  J  7.5 Hz, CH2C02C2H5) ,  7.7 (1H, hidden m, CH-CH=CH),
7.98 ( c a d ,  J  5.5 Hz, CH=CH-GH2) , 8.40 (m, CHCH2 (CH2) 3CH2 C H ^ C ^ ) , 
8.74 (br s ,  (CH2) 3 and (CH2) 4) and 8.76 ( t ,  J  7 Hz, OCH2CH3)
(22 .4H), 9.08 (s , C(CH3) 3) and 9.11 ( t ,  J  6 Hz (CH2) 5(CH3) (3.3H)
(the l a t t e r  spectrum is  d iscussed on page 148 ) ,  m/e (30°) 384/382 
(7, 90, M+ ) ,  367 (1 ), 364 (1 ), 353 (1 ), 339 (7 ), 337 (50), 336 (27), 
325 .(1), 311 (1 ), 297 (4 ), 226 (20), 225 (24), 55 (B), 295.6*. .
11 ,15-dideoxy- l l a - homo-l l - th iap ro s tag lan d in  E^ (228)
A m ixture o f 0.2M~potassium carbonate (11 ml) and methanol (19 ml) 
was added to .e th y l  7 - (5 - (t ra n s - l-o c te n y l)-3 -o x o th ian -4 -y l)h ep tan o a te  
(227 >Tr  (°V1> 250°) 7- 5 311(1 8 -4 C5”6) . 20-4 min (95?»)) (330 mg,
0.88 mmol) in  methanol (16 m l), s t i r r e d  under n itro g en  a t  room 
tem perature. Consumption o f the  e s te r ,  which was monitored by 
g . l . c . ,  was complete a f te r  66 h (>99% consumptibn o f a l l  th ree  
e lu ted  components). The m ixture was concentrated  to  small volume,
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d ilu te d  w ith  w ater, and washed w ith  d ie th y l e th e r; c e n tr ifu g a tio n
was necessary  to  sep ara te  th e  la y e rs . The aqueous la y e r  was
a c id if ie d  to  pH 2.5 w ith  ^ -h y d ro c h lo r ic  ac id , and e x trac ted  w ith
d ie th y l e th e r  -  e th y l a c e ta te  1 :1 . The e x tra c t was washed
(sa tu ra ted  sodium su lphate  so lu tio n ) , d rie d  and decolourised
(sodium su lphate  and c h a rc o a l) , and concentrated  to  give the
crude p ro stag lan d in  analogue (228) as a co lo u rle ss  o i l  which
s o l id i f ie d  on being "scratched" w ith  a g lass  rod and s to red  in
a g lass  v esse l a t  -24° (176 mg 56%); m.p. ca 30°. Some more o f
th e  analogue (40 mg, 13%) was recovered from the  d ie th y l e th e r
w ashings; th is  f ra c tio n  contained minor im p u rities  d e tec tab le
by g . l . c . ,  bu t was in d is tin g u ish ab le  from the  main product, and
from a r e c ry s ta l l is e d  sample (described l a t e r ) , by th in  la y e r
chromatography and in f ra - re d  spectroscopy. A small p o rtio n  o f
the  main crop (7 mg) was r e c ry s ta l l is e d  by d isso lv in g  i t  in
s u f f ic ie n t  petroleum  e th e r  (bp 40-60°) to  give a sa tu ra te d  so lu tio n
a t room tem perature, seeding, and keeping a t  8° fo r  60 h. In  th is
way a r e la t iv e ly  pure sample o f  11 ,15-dideoxy- l l a - homo- l l -
th iap ro s tag lan d in  (228) was obtained as w hite c ry s ta ls  (2.5 mg),
m.p. 43-9°, Rp (e thy l a c e ta te  - a c e tic  ac id  - iso -o c tan e  1 1 :2 :5 ,
172sa tu ra te d  w ith  w ater) 0 .57 , 251 nm (sulphide n c * ) ,
310.5 nm (carbonyl n tt*) (loge 2.64, 2 .3 8 ), y (KBr) 3100br,max
1705s, 961 cm"1, t  (90MHz) 4.43 (1H, d t ,  J  15, 6  Hz, tra n s  CHCH-CH-,), 
4.71 (1H, dd,. J  15, 7 Hz, tra n s  CH-CH=CH), 6.67 and 6.94 (2H, ABq, J  
12 Hz, lo w -fie ld  lin e s  had d s p l i t t in g  J  2.6 Hz, SCINCH), 7 .0  
(1H, p a r t ly  hidden m, CH20), 7.24 and 7.32 (2H, ABq, J  12 Hz,
SCH2C0), 7.64 (2H, t ,  J  7 Hz, C H ^ H ) ,  7.7 (1H, hidden m, CH-CH=CH),
7.98 (2H, c a d ,  J 6  Hz, CH=CH~CH2, 8.38 (4H, m, CHCH2 (CH2) 3CH2CH2) , 
8.73 £14H, b r  s ,  (CH2) 3 and (CH2) 4) ,  9.11 (3H, t ,  J  5.6 Hz,
(C iy  5 CH3 ) , m/e (150°) 356/354 (2-5, 36, M+) , 339 Cl), 336 ( 8 ) ,
2 1 2
325 fCl], 311 (9 ), 297 (2)> 293 (5 ), 283 (11, 269 (3 ), 226 (21),
225 (1,3), 67 (B), 318.9*,. 273.2*.
2-H eptylcyclohexan-l,3-dione C242)
Methanol (100 ml) was added g radually  to  potassium  t e r t - butoxide 
(43 g, 0.38 mol) w ith  s t i r r i n g  and coo ling , under n itro g en . 
Cyclohexan-l,3-dione (43 g, 0.38 mol) was added to  the  r e s u lt in g  
so lu tio n , the  tem perature o f  the  m ixture was ad ju sted  to  50°, and 
hep ty l iod ide (95 g, 0.42 mol) was added during 8 min. The m ixture 
was refluxed  fo r  16 h , the  methanol was removed in  vacuo, and 
d ie th y l e th e r  (400 ml) was added. The p re c ip i ta te  o f potassium  
iod ide was removed by f i l t r a t i o n ,  and the  f i l t r a t e  was e x trac ted  
w ith  four p o rtio n s  o f  0.75M-sodium hydroxide (100 ml each). The 
a lk a lin e  e x tra c t was washed (d ie th y l e th e r ) ,  then a c id if ie d  to  
pH 2 w ith  concentrated  hydroch loric  ac id  (35 m l). The p re c ip i ta te  
o f 2 -hep ty lcyclohexan-l, 3-dione (242) was c o lle c te d  by f i l t r a t i o n ,  
washed (w ater), and d rie d  to  a w hite powder (9.65 g , 12%), m.p. 
89-89.5°, t R (0V1, 220°) 3.8 min, X ^  263 nm- (loge 4 .13),. 
(a lk a lin e ) 294 nm (loge 4 .2 9 ), (CHC1 J  3140s,br, 1736w, 1701,
UlaX J
1590s,br cm \  (KBr) 1733, 1704s cm 1 . A sample o f the
product was r e c ry s ta l l is e d  th re e  times from d i-iso p ro p y l e th e r .
.No in crease  in  m elting p o in t was obtained  a f te r  th e  f i r s t  
r e c ry s ta l l i s a t io n ,  which ra ise d  i t  to  90-91°. The r e c ry s ta l l i s e d  
m ate ria l was in d is tin g u ish ab le  from the  o r ig in a l product by g . l . c .  
and spectroscop ic  behaviour.
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235t e r t - Butyl hypoch lo rite
A m ixture o f te r t-b u ta n o l (37 ml, 0.39 mol) and a c e tic  ac id  
(24.5 ml, 0 .43 mol) was added g radually  to  0.8M~sodium hypochlorite* 
(500 ml, 0 .40  mol) s t i r r e d  a t  0° in  dim, in d ire c t  l ig h t .  The 
m ixture was s t i r r e d  fo r  3 min, the  lay e rs  were sep ara ted , and the 
yellow organic la y e r  was washed (1M sodium carbonate and w ater) 
and d ried  (calcium ch lo rid e ) to  give t e r t - b u ty l hypochlorite  
(24.8 g, 59%). This product was s to re d  over calcium ch lo rid e  
in  an amber g lass  b o t t le ,  in  darkness, a t  -24°. Assay ( a l l  
operations were conducted in  minimum l i g h t ) : samples o f  t e r t -
bu ty l hypoch lo rite  (ca 100 mg) were weighed accu ra te ly  in to  a 
t i t r a t i o n  f la s k , tre a te d  w ith a so lu tio n  o f  potassium  iodide 
(0.6 g) in  w ater (2 ml) and a c e tic  ac id  (4 m l), and were t i t r a t e d  
ag a in s t O.IM-sodium th io su lp h a te , s ta rc h  in d ic a to r  being added near 
the  end-poin t. Assay re s u l ts  were o f the  o rder o f 94% and were 
independent o f the  age o f  the  t e r t - b u ty l h ypoch lo rite .
* Commercially a v a ilab le  sodium hypoch lo rite  so lu tio n  (Koch-Light, 
"pure, approximately 15% av a ila b le  ch lo rin e") was found to  have 
an oxidant concen tra tion  o f 1.79M (as OCl )^ by iodom etric t i t r a t i o n  
versus standard  sodium th io su lp h a te . The 0.8M -solution used fo r  
th is  experiment was prepared by d i lu t in g  the commercial product 
(224 ml) w ith  w ater (to  a to ta l  volume o f  500 m l).
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2~Chloro-2-heptylcyclohexan-1,3-dione [243)
t e r t - Butyl hypoch lo rite  [ 1 ,5 'ml, 10 mmol) was added to  
2 -hep ty lcyclohexan-l,3 -d ione (242) (2.1 g , 10 mmol) in  dry 
t e r t - b u ty l alcohol (15 ml) s t i r r e d  under n itro g en  a t  25°; the 
re a c tio n  tem perature was kept below 45° by means o f a cold w ater 
b a th . A fte r 3 min, g . l . c .  o f  the  m ixture in d ica ted  901 consumption 
o f  242, and an u l t r a - v io le t  spectrum showed complete lo ss  o f the 
chromophore a t  263 nm; s im ila r  r e s u l ts  were obtained a f te r  16 h.
The so lven t was removed in  vacuo to  give 2-ch loro- 2-hep ty Icyclohexan- 
1 ,3-dione (243) as a yellow  powder (2.46 g, 100%), m.p. 4.6-49°, t ^  
(0V1, 220°) 1.8 (probably cyclopentenone (241) formed on in je c tio n ; 
severe ta i l in g  ) and 7.3 min (major component, p roportion  v a r ia b le ) ,
A 297 nm (loge 2 .23 ), YmaY (KBr) 1737, 1711s cm No in crease
I U c l A  I i I c L a .
in  m elting p o in t could be achieved by r e c ry s ta l l i s a t io n .
2-Heptylcyclopent-2-enone (241)
2-C hloro-2-hepty lcyclohexane-l,3-d ione (243) (4.55 g, 18.5 mmol) 
in  xylene (90 ml) was added to  anhydrous sodium carbonate (d ried  
in  a i r  a t  110°) (2 g, 18.9 mmol) and th e  m ixture was reflu x ed  
fo r  20 h under n itro g en , cooled, and f i l t e r e d .  The f i l t r a t e  was 
washed (w ater), d ried  (sodium su lphate) and concentrated . The 
residue  was d i s t i l l e d  to  give 2-hepty lcy c lo p en t-2 -enone (241) 
as a co lo u rle ss  o i l  (1.67 g, 35%), b .p . 70-74° a t  0 .2  mmHg, 
i R (0V1, 220°) 1.8 min, Xmax 228 nm (loge 4 .1 1 ), Ymax (film )
3040w, 1703s, 1630w cm- 1 , t (90MHz) 2.7 (1H, d t ,  _ J5 , 1 Hz, 
(C0)-C=CH), 7.5 (4H, m, (CO)-CH2CH2-C=C), 7.81 (2H, t ,  J  6.5 Hz, 
C=C-CH2 (CH2) 5CH3) ,  8.71 (10H, b r  s ,  (CH2) S) ,  9.12 (3H, t ,  J  5.5 
Hz, CH3) ,  m/e (170°) 180 (25, M+) , 165 (1 .5 ) , 162 (1 ), 151 (6 ),
137 (20, 123 (24), 109 (26), 95 (23), 81 (18), 28 (B), 145.9*.
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te r t-B u ty l hypoch lo rite  (230 mg, 2.1 mmol) was added g radually  to  
e th y l 7 - (3 ,5 -d ioxo th ian -4 -y l)hep tanoate  (47, Rp (chloroform  - 
methanol 4:1) 0.70) (690 mg, 2.4 mmol) in  dichloromethane (10 m l), • 
s t i r r e d  under n itro g en  a t  -78°. The tem perature was ra ise d  to  
20° during 2 h, a f te r  which g . l . c .  in d ica ted  ca 50% consumption o f 
47, and samples o f the  re a c tio n  m ixture f a i le d  to  l ib e ra te  iodine 
from potassium  iodide so lu tio n . The m ixture was f i l t e r e d ,  and 
the  s o lid  phase was washed (dichloromethane) and sucked dry to  give 
e th y l 7 - (2-ch loro-3 ,5 -d ioxoth ian-4 -y l)heptanoate  (244) as a w hite 
powder (166 mg, 25%), m.p. 150-15 5° (decomp) unchanged by 
r e c ry s ta l l i s a t io n  from acetone - methanol 8:1 (Found: C, 52.22;
H, 6.42; S, 9.73; C l, 11.02. C14H21SC104 ' req u ires  C, 52.41; .
H, 6.60; S, 9.99; C l, 11.05%), Rp (chloroform - methanol 4:1)
0.35 218, 250, 324, 382 nm (loge 3.93, 4 .12 , 3 .36, 3 .3 1 ),
Nnax (ac id ) 224> 324 Im t lo Be 4 -28> 3 -75)>. (a lk a lin e )
248, 366 nm (loge 4 .37 , 3 .7 6 ), y (KBr) 3018s,br, 1730s,max
1520s, 1404s, 828 cijf1 , x (90MHz) 0.93 (2H, b r s ,  S(CHC1)C0 
and OH o f  en o lic  tan tom ers), 5.87 (2H, q , J  7 Hz, OC^CH^),
7.07 (2H, b r s ,  S C iyO ), 7.70 (2H, t ,  J  7 Hz, C H ^ O ^ H ^  ,
8.57 (10H, b r  s ,  (CH2) 5) ,  8.74 (3H, t ,  J  7 Hz, OCH2CH3) , .
m/e (200°) 570/568 (5, 30), 523 (40), 522 (60), 477 (30), 449 (35),
285 (45), 269 (95), 239 (50), 223 (B).
The liq u id  phase o f  the  re a c tio n  m ixture was concentrated  to  
a b lack  p a s te  (576 mg), Rp (chloroform  -  methanol 4:1) 0.35 (244) ,  
0.70 (47).
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COMPOUND PREPARATION INDEX
Compound Number Page Compound Number Page
32 177 146 196
33 180 176 199
34 180 I Z l  198
35 187 179 200
46 189 1§2 200
47 194 186 205
50 201 187 202
51 202 190 202
90 174 207 208
91 174 208 208
93 177 212 209
96 182 221 206
97 181 227 209
117 184 228 211
118 184 241 . 215
121 185 242 213
126 188 243 ' 215
138 188 244 ’ 216
142 191,192
144 194 Methyl 4 -iodocro tonate  191
■■ 1 1 1 j
145 196 Bo ra n e -te trah y d ro fu r an
complex 207
229
